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rotor  pure  and  compound  helicopters. 

The  preliminary  design  of  the  flightworthy  rotor  indicated  no 
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wind  tunnel  tests  of  a dynamically-scaled  model,  and  successful 
full-3cale  development  can  be  anticipated.  The  four-bladed, 
56-foot-diameter  rotor  has  a lifting  capability  in  hover  at 
4000  ft  95°  F conditions  well  in  excess  of  20,000  pounds,  and 
an  allowable  flight  speed  in  the  compound  helicopter  mode  of 
300  knots  at  sea  level  and  360  knots  at  altitude.  The  blade 
incorporates  fully  redundant  structure  for  the  primary  load 
path,  and  the  diameter-change  system  incorporates  safety 
devices  to  prevent  inadvertent  diameter  changes  or  blade 
overtravel  in  case  the  normal  diameter  control  system  should 
malfunction.  The  rotor  is  also  designed  for  stopping  and 
blade  folding  in  flight  to  demonstrate  applicability  to  the 
stowed  rotor  configuration. 

The  parametric  mission  analysis  phase  of  the  investigation 
indicates  that  TRAC  rotor  aircraft,  designed  for  high  cruise 
speeds,  provide  distinct  performance,  operating  envelope,  and 
fleet  life-cycle  cost  benefits  compared  to  conventional  rotor 
aircraft.  The  400-knot  stowed  TRAC  rotor  aircraft  shows  the 
greatest  potential  for  high  productivity  and  low  fleet  costs, 
followed  by  the  300-knot  full  rpm  TRAC  compound  helicopter. 

These  benefits  are  in  addition  to  special  advantages  that  can 
derive  from  high  cruise  speed,  such  as  increased  mission 
versatility  or  reduced  vulnerability.  Aircraft  designed  for 
cruise  speeds  of  250  knots  or  less  generally  showed  little  or 
no  performance  cost  advantages  over  the  pure  helicopter. 

Despite  the  high  cruise  speeds,  the  fuel  consumption  of  the 
TRAC  rotor  aircraft  are  comparable  in  magnitude  to  the  lower 
speed  aircraft  configurations.  A TRAC  compound  helicopter 
designed  for  a cruise  speed  of  250  knots,  or  a stowed  TRAC 
rotor  aircraft  designed  for  300  knots,  will  have  lower  con- 
sumed fuel  than  will  the  175-knot  pur9  helicopter,  because  of 
substantially  superior  overall  aircraft  lift-drag  ratios. 
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The  use  of  in-flight  variable  geometry  to  benefit  aerodynamic 
performance  characteristics  in  various  flight  modes  has  long 
been  standard  practice  with  fixed-wing  aircraft.  Perhaps  the 
most  notable  example  is  the  high-lift  flap,  but  there  are  many 
other  devices,  such  as  variable  pitch  propellers,  variable 
cowl  flaps,  speed  brakes,  jet  engine  thrust  reversers  , leading- 
edge  slats,  variable  sweep  wings,  and  retractable  landing  gear. 
Control  surfaces  are  variable  geometry  devices  of  a different 
sort,  their  primary  purpose  being  to  control  trim  and  angular 
accelerations  rather  than  modify  performance  characteristics. 
Yet,  except  for  retractable  landing  gears,  helicopters  generally 
have  not  used  comparable  variable  geometry  devices  for  control 
of  performance.  The  helicopter  main  rotor  incorporates  collec- 
tive and  cyclic  pitch  control  of  the  blades,  but  this  variable 
geometry  feature  more  nearly  resembles  the  control  surfaces  of 
an  airplane  than  a performance  control  device. 

In-flight  variable  geometry  features  in  fixed-wing  aircraft 
provide  increased  capabilities  and  improved  economy.  Kigher 
cruise  speed,  lower  landing  speed,  longer  range,  greater 
maneuverability,  reduced  fuel  consumption,  and  a smoother 
ride  are  all  desirable  attributes  brought  about  by  proper 
application  of  variable  geometry  concepts.  While  an  increase 
an  complexity  usually  accompanies  these  benefits,  it  is  not 
necessarily  true  that  acquisition  and  maintenance  costs  increase 
correspondingly  after  everything  is  considered.  Unnecessary 
complexity  is  certainly  undesirable.  Historically,  however, 
airplanes  and  many  other  products  of  technology  have  steadily 
increased  in  complexity  over  the  years.  The  reason  is  that 
these  complex  devices  really  work,  and  the  resulting  increased 
capability  or  improved  economy  permits  survival  in  a competi- 
tive environment. 

The  Sikorsky  TRAC  is  an  in-flight  variable-diameter  rotor  sys- 
tem designed  to  extend  the  capabilities  and  to  improve  the 
performance  of  several  categories  of  high-speed  rotary-wing 
aircraft.  Development  of  this  rotor  system  began  in  1966  at 
Sikorsky  and  has  been  supported  by  the  Eustis  Directorate  of 
the  U.  S.  Army  Air  Mobility  Research  and  Development  Laboratory 
since  1968. 

Wind  tunnel  tests  of  a 9 -foot-diameter  aeroelastically  scaled 
rotor  model  have  demonstrated  the  feasibility  and  some  of  the 
benefits  of  the  concept.  This  test  program,  reported  in 
Reference  (1) , achieved  all  major  objectives.  The  rotor  was 
demonstrated  successfully  in  every  planned  operating  regime. 
Feasibility  was  established  for  both  the  high-speed  compound 
helicopter  and  the  stowed  rotor  aircraft  configuration.  The 
basic  blade  structural  design  and  retraction  system  were 


verified.  Diameter  changes  were  demonstrated  at  true  forward 
speeds  up  to  150  knots  at  full  rotational  speed;  rotor  stops 
and  starts  at  minimum  diameter  were  demonstrated  at  true 
forward  speeds  up  to  150  knots;  and  tests  were  conducted  in 
the  high-speed  compound  helicopter  mode  at  true  forward  speeds 
up  to  400  knots.  The  tests  demonstrated  many  important  bene- 
fits from  the  variable  diameter  capability,  including  improved 
performance  and  reduced  vibration,  stresses,  and  gust  response. 
Other  potential  advantages  of  the  TRAC  rotor  system  have  been 
reported  in  References  (2)  - (4) . 

The  present  investigation  is  intended  to  investigate  the 
characteristics  and  long-term  potential  of  the  TRAC  rotor  system 
more  thoroughly  than  past  analytical  studies  have  allowed. 

Two  main  tasks  are  included,  the  first  of  which  is  the  prelim- 
inary design  of  a full-scale  flightworthy  rotor  system.  This 
rotor  is  specified  to  be  four-bladed,  with  an  extended  diameter 
of  56  feet,  and  a lifting  capability  in  hover  at  4000  ft,  95CF, 
of  approximately  20,000  pounds.  The  rotor  is  appropriate  for 
wind  tunnel  testing  in  the  NASA-Ames  40-by  80-foot  wind  tunnel 
and  for  flight  testing  on  an  H-3  (S-61  series)  helicopter  or 
NASA/Army  Rotor  Systems  Research  Aircraft  (RSRA) . 

The  second  major  task  of  the  present  investigation  is  to  conduct 
parametric  analyses  to  determine  mission  requirements  for  which 
TRAC  rotor  aircraft  are  competitive  with  other  rotor  VTQL 
aircraft  configurations,  including  pure  helicopter  and  compound 
helicopters  with  conventional  rotor  systems.  A broad  range  of 
design  cruise  speeds,  altitudes,  payloads,  and  ranaes  are 
included. 
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PHASE  h FULL  SCALE  ROTOR  PRELMMROESIfiN 

GENERAL  CONCEPT  DESCRIPTION 


A schematic  arrangement  of  the  TRAC  rotor  blade  is  shown  in 
Figure  1.  The  basic  retraction  mechanism  is  a jackscrew  which 
serves  as  a primary  tension  member  of  the  blade.  Rotation  of 
this  screw  imparts  a linear  retraction  or  extension  motion  to 
the  retention  nut  (actually  a series  of  nuts)  and,  through 
tens ion- tors ion  straps,  to  the  outboard  half  of  the  blade, 
which  is  the  main  lifting  member.  A torque  tube,  which  is  a 
streamlined  ellipse  in  cross  section,  encloses  the  jackscrew, 
transmits  blade  pitch  control  motion  to  the  outboard  blade, 
and  carries  bending  moments  across  the  sliding  joint.  When 
the  rotor  diameter  is  reduced,  the  outboard  blade  slides  over 
and  encloses  the  torque  tube.  The  outboard  blade,  with  a full 
airfoil  cross  section,  comprises  the  outer  half  of  the  radius 
when  the  blade  is  extended.  The  blade  planform  is  unusual 
in  that  the  effective  root  cutout  is  very  large;  however,  even 
on  a conventional  blade  the  outboard  half  typically  produces 
90  percent  of  the  total  lift  in  hover,  and  the  large  root  cut- 
out produces  only  a few  percent  loss  in  hover  efficiency 
(References  5 and  6) . The  schematic  drawing  of  Figure  1 does 
not  show  a number  of  important  features,  including  the  multiple 
nut/strap  assembly,  redundant  jackscrew  structure,  or  nut 
reaction  tube.  These  items  are  discussed  in  detail  in  the 
following  section. 

The  means  for  actuating  the  blade  jackscrew  is  shown  schemati- 
cally in  Figure  2.  The  heart  of  the  mechanism  is  a differential 
gear  set  contained  within  the  rotor  head.  The  differential 
consists  of  upper  and  lower  bevel  gears  and  one  bevel  pinion 
connected  to  each  blade  jackscrew  through  a universal  joint. 

The  universal  joint  is  coincident  with  the  rotor  flap  and  lag 
hinges  (not  shown  in  the  schematic) . The  upper  and  lower  bevel 
gears  are  each  connected  by  coaxial  shafts  to  a clutch  or  brake 
at  the  bottom  of  the  transmission.  Stopping  the  lower  bevel 
gear  with  respect  to  the  fuselage,  while  the  rotor  is  turning, 
forces  the  pinions  of  the  differential  to  roll  around  the  bevel 
gear  and  thus  turn  the  jackscrews  and  retract  the  blades. 

Braking  the  upper  bevel  gear  reverses  the  motion  and  extends 
the  blades.  With  both  clutches  released,  there  is  no  relative 
motion  and  the  rotor  diameter  remains  fixed.  The  basic  mechan- 
ism is  as  simple  and  reliable  as  an  automobile  differential. 

The  gears  are  fully  engaged  at  all  times  and  the  blades  are 
completely  synchronized.  No  separate  power  supply  is  required, 
as  the  system  is  driven  in  both  directions  by  rotation  of  the 
main  shaft.  The  rotor  diameter  is  under  direct  control  of  the 
pilot  and  is  not  influenced  by  aerodynamic  forces  or  torques. 

It  is  mandatory  that  the  clutches  be  released  when  the  blades 
reach  the  limit  of  extension  or  retraction.  In  normal  operation 
the  clutches  are  released  electrically  by  means  of  limit  switches; 
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however,  mechanical  safety  systems  are  incorporated  in  the 
design  to  prevent  over-retraction  or  extension  in  case  of 
failure  of  the  primary  system.  Figure  2 does  not  show  a 
number  of  features,  including  these  mechanical  safety  systems 
or  a rotor  head  brake  designed  to  ensure  that  the  diameter 
change  system  is  self -locking.  These  items  are  also  discussed 
in  detail  in  the  following  section. 


DETAILED  DESCRIPTION 


ROTOR  BLADES 


A sin.pli.fied  drawing  of  the  major  blade  components,  showing 
retracted  and  extended  positions  and  major  dimensions,  is  shown 
in  Figure  3.  A blade  assembly  drawing  is  shown  in  Figure  4, 
and  additional  details  of  the  root  end  assembly  are  shown  in 
Figure  !>.  The  design  is  basically  similar  to  the  previous 
design  concept  successfully  demonstrated  with  rhe  dynamically 
scaled  model,  reported  in  Reference  1.  A photograph  of  thx  model 
blade  components  is  shown  in  Figure  6.  The  physical  arrangement 
and.  major  components  of  the  model  and  the  present  full-scale 
design  are  the  same  except  that  the  latter  incorporates  an 
additional  nut  and  pair  of  tension-torsion  straps,  plus  a 
secondary,  internal  torque  tube  (nut  reaction  tube)  designed 
to  react  nut  torque  during  blade  retractions  or  extensions, 
rather  than  having  the  outer  torque  tube  carry  this  load.  The 
model  tests  demonstrated  that  the  nut  torque  caused  a slight 
blade  twist  effect  which,  in  turn,  caused  a blade  flapping 
response  during  retraction.  If  the  nut  friction  were  different 
in  the  four  blades,  this  difference  would  also  cause  the  blades 
to  go  out  of  track,  causing  an  increase  in  vibration  level. 

The  nut  reaction  tube  avoids  these  potential  problems  by  trans- 
mitting the  nut  torque  directly  to  the  main  spindle  in  the 
sleeve/spindle  assembly.  The  nut  reaction  tube  will  twist  in 
response  to  the  torsional  moment,  but  an  angular  clearance 
(+  20°  from  the  mean  position)  is  provided  between  this  tube 
and  the  main  torque  tube  so  that  no  torsional  contact  results. 
This  angular  clearance  also  accommodates  the  pitch  motion  of  the 
outer  torque  tube  relative  to  the  nut  reaction  tube,  which  is 
fixed  in  pitch. 

The  outer  blade  spar  shown  in  Figure  4 is  design  number  2 
discussed  in  the  section  on  the  evaluation  of  various  blade  spar 
concepts.  This  spar  and  number  6 were  the  two  preferred  spar 
concepts.  Because  number  2 requires  a thicker  spar  wall  dimen- 
sion than  number  6,  any  structural  arrangement  that  will  provide 
adequate  clearances  with  design  2 will  automatically  accommodate 
spar  design  number  6. 

The  main  load  path  for  the  blade,  consisting  of  the  jackscrew, 
nuts,  and  tension-torsion  straps,  is  fully  redundant.  The 
multiple  nut/strap  arrangement  (six  nuts  and  twelve  straps) 
distributes  thread  loads  equally  and  provides  a "fail-safe" 
arrangement.  The  hollow  jackscrew  is  also  structurally  redun- 
dant. A central  strap,  anchored  in  a low  stress  area  at  the 
root  of  the  screw  by  means  of  an  integral  flange,  passes  through 
the  length  of  the  screw  and  is  retained  by  a nut  at  the  tip. 

This  strap  is  prestressed  in  tension,  putting  the  screw  in 
compression  at  zero  centrifugal  load  and  reducing  the  maximum 
stress  in  the  screw  at  full  centrifugal  load.  The  reduced  screw 
tension  will  improve  the  fatigue  characteristics  of  the  screw. 


Should  a fatigue  crack  occur,  the  redundant  strap  will  carry 
the  design  ultimate  load.  To  detect  a crack  in  the  screw,  the 
screw  is  pressurized  in  the  same  manner  as  utilized  in  the 
Sikorsky  BIM  crack -detection  system  on  the  spars  of  conventional 
rotor  blades.  A crack  through  the  jackscrew  wall  would  allow 
the  pressurized  air  to  leak  out,  and  the  resulting  drop  in 
pressure  will  activate  a pressure  switch  to  warn  the  pilot  and 
to  deactivate  the  diameter-control  system.  The  redundant  strap 
and  retaining  nut  serve  to  maintain  pressure  seals  at  the  two 
ends  of  the  screw. 

The  outboard  end  of  the  jackscrew  is  centered  relative  to  the 
torque  tube  and  the  nut  reaction  tube  by  means  of  two  bearings 
mounted  on  the  tip  of  the  redundant  strap.  One  bearing  housing 
is  anchored  to  the  torque  tube  and  the  other  to  the  nut  reaction 
tube.  These  bearings  have  been  configured  to  retain  any  failed 
component  that  might  otherwise  be  thrown  out  through  the  blade 
by  centrifugal  action  and  cause  additional  damage.  Any  of  four 
major  components  - the  jackscrew,  redundant  strap,  nut  reaction 
tube,  and  the  torque  tube  - could  conceivably  fail  due  to  fatigue, 
but  would  be  retained  by  means  of  the  tip  bearing  arrangement. 

It  should  be  noted  that  if  the  redundant  strap  inside  the  jack- 
screw  should  fail,  the  portion  outboard  of  the  fracture  will 
translate  toward  the  tip  a fraction  of  an  inch  so  that  the 
rubber  seal  at  the  tip  of  the  jackscrew  will  fail  and  the  jack- 
screw  pressurization  will  be  lost.  Thus  the  pressurization 
serves  to  monitor  the  integrity  of  the  redundant  strap  as  well 
as  that  of  the  jackscrew. 

The  jackscrew  has  a double  thread  (sometimes  referred  to  as  a 
"two-start"  thread)  because  the  resulting  increased  thread  pitch 
angle  increases  screw  efficiency.  It  has  a left-hand  thread 
because  this  makes  the  outer  shaft  of  the  two  coaxial  diameter- 
change  shafts  (inside  the  main  rotor  shaft)  serve  the  function 
of  the  retraction  shaft.  Because  blade  retraction  corresponds 
to  larger  mechanical  torques  than  does  blade  extension,  it  is 
desirable  to  make  the  outer  shaft  the  retraction  shaft.  The 
jackscrew  has  a buttress -type  thread  profile,  with  the  thread 
thickness  less  than  the  space  between  threads.  This  design 
minimizes  the  volume  and  therefore  the  weight  penalty  of  the 
threads  and  also  permits  considerably  greater  thickness  on  the 
nut  threads,  which  are  fabricated  from  lower  strength  materials 
and  which  are  subjected  to  greater  wear  rates. 

There  are  six  nuts,  individually  supported  by  a pair  of  tension- 
torsion  straps,  that  transfer  the  centrifugal  force  from  the  12 
straps  to  the  jackscrew.  Nut  number  1,  closest  to  the  rotor 
head,  has  one  pair  of  holes,  counterbored  to  retain  its  pair  of 
straps.  These  straps  pass  freely  through  holes  provided  in  the 
other  five  nuts.  Nut  number  2 has  two  pairs  of  holes,  one  pair 
of  which  is  to  retain  its  own  pair  of  straps  and  one  pair  of 
which  is  to  allow  straps  from  nut  1 to  pass  through.  The  same 
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principle  applies  to  all  nuts,  and  nut  number  6,  closest  to  the 
blade  tip,  has  six  pairs  of  holes.  The  two  retention  straps 
for  each  nut  are  always  diametrically  opposite  each  other  to 
avoid  any  moment  transfer  from  the  straps  to  the  nuts. 

The  reason  for  the  multiple  nut/strap  configuration,  which  is 
similar  to  that  used  on  the  dynamic  model  blade,  is  to  provide 
structural  redundancy  in  case  of  failure  of  any  component  and 
also  to  improve  the  thread  loading  distribution.  If  a single 
nut  were  to  be  provided  with  a large  number  of  threads,  only 
a few  threads  on  each  end  would  actually  carry  a significant 
loading  because  of  elastic  deformations  which  occur  in  both 
screw  and  nut.  The  threads  in  the  middle  would  not  carry  much 
load.  This  would  lead  to  overloading  of  the  fev;  end  threads  and 
excessive  wear  or  progressive  static  failure.  The  problem  is 
avoided  by  dividing  the  nut  into  a number  of  pieces  with  fewer 
threads  each.  The  strap  geometry  ensures  that  each  nut  carries 
a full  share  of  the  load  because  the  elastic  stretch  of  the 
strap  under  load  is  large  compared  to  intial  errors  in  providing 
exactly  correct  strap  lengths,  particularly  when  the  straps  are 
"tuned"  on  the  bench,  i.e. , the  assembly  loaded  to  part  load 
and  strap  length  adjusted  as  necessary  to  provide  equal  tension. 

The  blade  incorporates  the  necessary  features  to  provide  these 
adjustments.  The  twelve  tens ion- tors ion  straps  are  threaded  at 
the  tip  and  anchored  into  a drilled  and  tapped  anchor  block.  The 
six  nuts,  twelve  straps,  and  the  anchor  block  constitute  a 
subassembly  which,  by  means  of  a bench  installation  on  a jack- 
screw,  can  be  adjusted  for  equal  load  sharing.  Cylindrical 
lock  nuts  are  then  installed  and  the  anchor  block  is  bolted  to 
the  blade  tip  block  when  the  blade  assembly  is  completed.  Lock 
plates,  fitting  over  the  squared  ends  of  the  tension-torsion 
straps,  are  then  installed  to  be  certain  that  the  straps  cannot 
turn  in  the  anchor  block. 

The  drawing  of  the  six  nuts  shown  in  Figure  4 assumes  that 
thread  inserts  will  be  used.  In  a materials  evaluation  test 
conducted  under  another  Army  contract,  Reference  (7) , carbon- 
graphite  proved  to  be  a highly  desirable  nut  material  in  several 
respects,  including  lo w friction  and  low  wear  rates  at  contact 
pressures  and  sliding  velocities  representative  of  the  full  scale 
TRAC  blade  application.  However,  the  material  strength  is 
relatively  low,  and  it  would  not  be  suitable  as  a material  for 
a one-piece  nut.  Thus  an  insert  of  carbon  graphite  is  shown, 
retained  by  a flange  on  the  inboard  end  of  the  nut  shell,  which 
is  fabricated  from  titanium.  A safety  thread  of  beryllium 
copper  is  also  assumed.  This  thread  does  not  normally  touch 
the  screw  threads,  but  provides  a backup  in  case  of  excessive 
wear  or  failure  of  the  carbon  graphite  threads.  The  beryllium 
copper,  which  has  excellent  strength  and  was  the  second  best 
of  the  various  nut  materials  evaluated  in  the  tests  mentioned 
above,  also  provides  the  sliding  contact  with  the  inside  of  the 
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nut  reaction  tube,  which  fits  closely  around  the  nuts.  Beryllium 
copper,  used  successfully  in  the  model  rotor  tests,  is  also  a 
candidate  as  the  primary  nut  material.  If  this  material  is 
selected,  no  inserts  or  backup  threads  will  be  required?  each 
nut  will  be  a single  piece. 

The  blade  tip  block  is  used  to  support  the  outboard  blade  spar, 
the  tension-torsion  strap  anchor  block,  tip  balance  weights, 
and  the  tip  cap.  The  tip  balance  weights  are  similar  to  stan- 
dard Sikorsky  blade  balancing  practice  and  permit  adjustment  of 
both  span  and  chordwise  moment  balance.  In  addition  to  the  tip 
balance  weights  there  are  additional  balance  weights  provided  at 
the  root  end  of  the  outboard  blade  spar.  This  is  to  permit 
adjustment  of  outboard  blade  weight  in  addition  to  span  balance. 
Conventional  blades  do  not  need  to  weigh  exactly  the  same  in  a 
given  rotor;  as  long  as  the  span  balance  is  the  same,  the  cen- 
trifugal force  will  be  the  same.  In  the  TRAC  blade,  however, 
the  outboard  blade  moves  during  diameter  change,  and  the  weight 
of  the  moving  portion  must  be  the  same  on  each  blade  of  the 
rotor,  or  else  the  span  moment  will  change  by  different  amounts 
for  different  blades,  and  the  rotor  will  go  out  of  balance. 

The  bearing  slide  blocks  for  the  blades  are  also  similar  to 
those  used  on  the  model.  The  material  assumed  is  Nylatron  GS, 
a molybdenum-disulfide  filled  nylon,  which  was  entirely  satis- 
factory on  the  model.  Friction  and  wear  properties  are  good, 
it  is  relatively  lightweight,  and  its  elasticity  will  accommodate 
minor  dimensional  variations  that  might  occur  along  the  length 
of  the  spar  or  torque  tube. 

The  TRAC  blade  is  retained  at  the  root  end  by  the  sleeve/spindle 
assembly.  The  primary  load  path  is  through  the  jackscrew, 
retained  by  the  jackscrew  retention  spindle  and  one  set  of 
angular-contact  ball  bearings.  The  nut  reaction  tube  is  bolted 
directly  to  the  blade  main  spindle,  and  the  torque  tube  is  bolted 
to  an  aluminum  cuff  which  is  integral  with  the  outer  housing 
of  the  sleeve/spindle  assembly  and  which  is  retained  by  a second 
set  of  angular-contact  ball  bearings.  Additional  details  of 
the  sleeve/spindle  assembly  are  discussed  in  the  following 
section. 


ROTOR  HEAD 
Hub  Plate 3 

The  rotor  hub,  shown  in  the  rotor  head  assembly  drawing  (Figure 
7) , follows  the  classic  Sikorsky  two-plate  design.  The  lower 
hub  plate  is  splined  to  the  main  rotor  shaft  and  is  retained  with 
a pair  of  split-cone  members  and  a mast  nut,  which  is  locked  and 
safetied  to  the  main  shaft.  This  retention  system  is  identical 
in  principle  to  most  other  Sikorsky  main  rotor  hub  designs.  The 
lower  hub  plate  transmits  all  of  the  vertical  forces  from  the 
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rotor  blades  to  the  shaft.  The  four  arms  of  this  hub  plate  have 
'■  inverted  omega"  cross  sections  for  high  bending  stiffness  and 
light  weight.  The  upper  and  lower  hub  plates  share  the  centrifu- 
gal and  tangential  (torque)  forces  equally.  The  upper  plate, 
which  is  essentially  a flat  ring  with  four  radial  arms,  is 
fastened  to  the  lower  plate  at  the  center  of  the  hub  through  the 
differential  gear  housing. 

Hinges 

The  four  hinge  members  or  hinge  crosses  are  mounted  between  the 
upper  and  lower  hub  plates,  and  the  flap  and  lag  bearings  are 
mounted  on  these  hinge  members.  These  bearings  are  identical  to 
those  used  in  the  CH-53  series  helicopters  for  the  same  purpose. 
These  bearings  were  used  because  they  have  the  desired  load 
capacity  and  are  readily  available.  The  design  of  these  hinge 
members  differs  from  most  designs  in  that  the  flapping  bearings 
are  mounted  with  a wider  than  normal  separation.  This  permits 
a central  hole  in  the  hinge  cross  to  accommodate  the  jackscrew 
drive  shaft  and  the  universal  joint,  which  is  coincident  with 
the  flap  and  lag  axes.  The  hole  in  the  hinge  member  is  shaped 
to  permit  a blade  lag  or  lead  angle  of  up  to  45  degrees , thus 
permitting  the  blade  to  be  folded  parallel  to  the  fuselage  when 
the  rotor  head  arms  are  45  degrees  from  the  aircraft  longitudinal 
axis.  (See  section  on  lag  damper/fold  actuator.) 

Sleeve/Spindle  Assembly 

The  flapping  yoke  is  a three-piece  member  which  connects  the 
flapping  bearings  to  the  blade  spindle  through  a bolted  flange 
plate  for  ease  of  blade  removal.  The  sleeve/spindle  assembly 
contains  two  concentric  sets  of  angular-contact  ball  bearings. 

The  inner  set,  which  uses  the  S-61  (H-3)  series  helicopter 
pitch-change  bearings  (except  that  only  five  bearings  are  used 
instead  of  seven) , retains  the  jackscrew  and  carries  the  major 
portion  of  the  centrifugal  load.  During  a diameter  change, 
these  bearings  rotate  continuously,  but  at  no  time  do  they 
experience  any  cyclic  feathering  motion.  The  outer  set  of 
bearings  accommodates  collective  and  cyclic  feathering  motions. 
These  bearings  carry  only  a small  fraction  of  the  centrifugal 
load  because  they  retain  only  the  outer  torque  tube  of  the 
blade.  Because  the  highly-loaded  bearing  experiences  no  cyclic 
motion  and  the  cyclic-motion  bearing  carries  only  a small  cen- 
trifugal load,  each  bearing  can  be  considerably  smaller  and 
lighter  than  would  be  required  if  it  had  to  carry  both  high 
load  and  cyclic  motion.  Analysis  of  these  bearings  indicate 
that  a 1000-hour  B-10  bearing  life  can  be  attained  using  grease 
as  a lubricant.  Oil  lubrication  is  superior  for  bearing  life, 
but  grease  lubrication  is  easier  and  less  expensive  for  experi- 
mental, demonstration  hardware. 
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The  blade  main  spindle  is  the  cylindrical  member  between  the  I 

two  concentric  sets  of  ball  bearings.  This  member  is  belted 

directly  to  the  flapping  yoke,  and  all  blade  forces  pass  through 

it.  The  two  sets  of  ball  bearings  are  supported  by  this  spindle, 

and  the  nut  reaction  tube  (inner  torque  tube)  is  bolted  directly 

to  it. 

A centrifugally  operated  flapping  lock  (labeled  "anti-flap/droop  j 

atop"  in  Figure  7)  is  located  inside  the  flapping  yoke.  This 
is  a cylindrical  member  with  an  external  taper  that  is  spring 
loaded  to  contact  a mating  internal  surface  in  the  hinge  cross. 

At  rpm  values  above  50  percent  of  normal,  the  spring  is  com-  \ 

pressed  by  centrifugal  force  to  unlock  the  hinge.  When  rpm  is  \ 

decreased,  the  locking  member  automatically  returns  to  the  locked 
position.  The  taper  provides  a self-centering  action  so  that  it  j 

is  not  necessary  to  have  the  flapping  angle  at  exactly  zero  de- 
grees in  order  to  function. 

A conventional  pitch  horn  is  bolted  to  the  outermost  sleeve  of  j 

the  sleeve/spindle  assembly.  A "delta-three"  angle  of  30  degrees 
provides  a pitch-to-flap  coupling  ratio  of  -0.577  (one  degree  of 
up  flapping  produces  .577  degrees  of  down  pitch  angle) . The  J 

delta-three  hinge  provides  additional  flapping  stability  and  ; 

reduces  control  sensitivity  at  high  rotor  advance  ratios.  The 
hinge  geometry  is  similar  to  that  utilized  in  the  TRAC  model  . 

tests  of  Reference  1,  except  that  the  delta- three  angle  of  the 

model  rotor  head  was  26.5  degrees.  , 

j 

Lag  Damper  - Blade  Fold  Actuator  \ 

In  the  present  design  study  the  TRAC  rotor  is  fully  articulated 
and  thus  requires  damping  about  the  lag  hinge  to  avoid  potential 
ground  resonance  difficulties.  In  this  respect  it  is  no  differ-  ; 

ent  than  conventional  articulated  rotors.  The  TRAC  rotor  uti- 
lizes a linear,  hydraulic  damper  in  accordance  with  Sikorsky 
standard  practice.  In  most  Sikorsky  main  rotor  designs  the  lag 
damper  is  located  in  the  plane  of  the  blades,  between  the  upper  : 

and  lower  plates  in  the  two-plate  hub  designs.  Because  of  the 
differential  gear  package  and  jackscrew  drive  members  located  I 

at  the  center  of  the  TRAC  rotor  hub,  it  was  not  possible  to 
locate  the  dampers  in  this  conventional  manner.  Instead,  the 
dampers  are  located  below  the  lower  hub  plate  as  shown  in 
Figure  7.  A plan  view  in  the  plane  of  the  dampers  is  shown  in 
Figure  8.  The  housing  of  the  damper  is  held  by  a trunion 
arrangement  supported  by  a flange  on  the  main  rotor  shaft.  The 
piston  rod  is  connected  by  conventional  bearings  to  a horn  or 
crank  member  which  is  splined  to  an  extension  of  the  vertical 
lag  hinge  member.  Thus  an  angular  motion  of  the  blade  about 
the  lag  hinge  is  transformed  to  an  axial  displacement  of  the  < 

damper  piston. 
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If  the  rotor  were  designed  for  operation  only  in  the  extended 
blade  mode  and  high-speed  compound  mode  (blades  retracted  but 
still  rotating),  the  damper  would  be  entirely  conventional, 
consisting  of  housing,  piston  with  relief  valves  and  orifices, 
and  an  external  reservoir  with  differential  check  valve  to 
accommodate  the  changing  volume  of  fluid  within  the  damper  as 
the  piston  is  displaced.  This  configuration  is  the  one  shown 
in  Figure  8.  In  the  present  design  study,  the  rotor  is  intended 
to  demonstrate  in-flight  stopping  and  blade  folding  in  addition 
to  the  other  flight  modes.  Because  the  folding  motion  uses  the 
lag  hinge  rather  than  a special  folding  hinge,  it  becomes  possi- 
ble to  combine  the  lag  damping  and  fold  actuation  functions  in 
a single  unit  and  to  save  weight  relative  to  separate  units  for 
the  two  functions. 

The  folded  positions  of  the  blades  are  shown  in  Figure  9 . This 
drawing  assumes  separate  actuator  cylinders  on  top  of  the  rotor 
head  rather  than  combined  damper/actuator  units,  but  the  fold 
angles  are  the  same.  After  rotor  stopping  but  prior  to  blade 
folding,  the  rotor  head  is  indexed  so  that  the  hub  arms  are 
45  degrees  to  the  aircraft  longitudinal  axis.  There  are  two 
positions  around  the  azimuth  that  will  provide  the  desired  fold 
positions;  the  rotor  head  is  indexed  by  means  of  a small  auxil- 
iary drive  unit  clutched  into  the  tail  rotor  drive  shaft,  with 
a detent  to  stop  the  head  in  the  correct  position.  Rotor  head 
indexing  is  a feature  found  on  several  Sikorsky  helicopters 
having  an  automatic  blade  fold  capability. 

Two  blades  are  folded  forward  and  two  folded  aft,  so  that  all 
four  blades  are  parallel  to  the  aircraft  longitudinal  axis.  In 
an  actual  stowed  rotor  aircraft  design  there  would  be  additional 
mechanisms  for  blade  stowing  (see  description  of  possible  sys- 
tems in  the  mission  studies  portion  of  this  report) , but  in  the 
present  preliminary  design  study  only  rotor  stopping  and  blade 
folding  are  provided. 

While  the  blades  are  being  folded  the  rotating  control  rods 
remain  connected  to  both  the  blade  pitch  horns  and  the  swash- 
plate.  The  pitch-lag  coupling,  which  is  designed  to  be  essen- 
tially zero  for  in-flight  lag  motions,  becomes  significant  for 
large  lead  or  lag  motions.  This  effect  is  utilized  in  providing 
blade  pitch  inclination  in  the  folded  positions  and  provides 
interblade  clearance,  allowing  the  blades  to  "nest"  in  a nose- 
down  pitch  attitude  after  initiating  the  blade  fold  cycle  at 
zero  pitch. 

An  integrated  damper/actuator  unit  was  invests  ^ated  and  is  shown 
in  Figure  10.  It  is  actually  a coaxial  unit,  with  a damper 
system  on  the  outside  that  is  operationally  independent  of  the 
fold  actuator  on  the  inside.  The  damper  system  is  an  entirely 
conventional  hydraulic  lag  damper  which  provides  a damping  force 
whenever  there  is  motion  of  the  piston  within  the  cylinder.  The 
only  unique  feature  of  the  damper  is  the  fact  the  damper  piston 
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rod  is  the  housing  of  the  coaxial  hydraulic  actuator.  The 
piston  of  this  actuator  is  contained  within  the  damper  piston 
rod.  This  piston  is  integral  with  its  piston  rod,  which  is 
connected  to  and  is  actually  a part  of  the  base  of  the  damper 
housing.  Thus  the  location  of  the  actuator  piston  is  fixed 
relative  to  the  damper  housing.  Drilled  holes  through  the 
actuator  piston  rod  permit  two  oil  lines  to  be  connected  to 
form  fluid  paths  to  either  side  of  the  piston. 

A third  small  floating  piston  is  at  the  very  center  of  the  unit 
to  serve  the  purpose  of  providing  a mechanical  lock  when  the 
desired  blade  fold  position  is  reached.  It  accomplishes  this 
by  means  of  chamfered  surfaces  which  displace  three  lock  dogs 
(equally  spaced  around  the  periphery)  into  the  recessed  groove 
provided  on  the  inside  surface  of  the  damper  piston  rod.  This 
floating  piston  and  lock  dog  arrangement  does  not  represent 
new  or  unusual  technology;  similar  devices  have  been  utilised 
in  many  applications,  including  use  by  Sikorsky  Aircraft  in 
landing  gear  retraction  and  tail  rotor  pylon  folding  systems. 

Other  components  of  the  system  include  a follower  arm  and  a 
spring-load  roller  and  check  valve  system  as  shown  in  Figure  10. 
The  spring  on  the  roller  exerts  a force  in  the  direction  to  hold 
the  roller  away  from  the  follower  arm.  The  system  also  includes 
a rotary  f lula  coupling  (fluid  slipring),  at  the  bottom  of  the 
transmission,  and  a safety  valve,  shutoff  valve,  and  a direc- 
tional control  valve,  all  located  within  the  aircraft  fuselage 
at  a convenient  point  between  the  fluid  slipring  and  the  hydrau- 
lic pressure  supply. 

The  operations  of  the  system  is  described  below: 

1.  Damping  Mode 

The  rotor  turns  at  full  or  reduced  rpm  and  the  blades  are 
fully  articulated.  Damping  is  provided  in  a conventional 
manner  by  orifices  and  relief  valves  in  the  damper  piston. 
Variable  volume  within  the  damper  housing  due  to  piston 
displacement  is  accommodated  by  the  differential  check 
valve  and  the  external  fluid  reservoir.  The  hydraulic 
fluid  in  the  actuator  is  free  to  move  back  and  forth  in 
a circuit  which  includes  lines  down  the  center  of  the 
rotor  shaft,  the  fluid  sliprings,  the  shutoff  valves  (in 
the  unpowered,  open  condition) , the  directional  control 
valves,  where  the  two  lines  are  vented  together,  and  also 
to  the  hydraulic  system  reservoir  through  the  "return" 
line.  During  damping  motion,  oil  is  pumped  back  and  forth 
at  low  pressure  through  this  circuit,  with  the  reservoir 
serving  to  accommodate  the  changing  fluid  volume  within 
the  actuator  cylinder. 
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2.  Locking  the  Lag  Motion  for  Rotor  Stopping 

During  the  rotor  stopping  mode,  the  hinges  must  be  locked 
at  speeds  below  approximately  50%  rpm  to  prevent  excessive 
blade  motions.  The  flapping  motion  is  locked  automatically 
by  a centrifugally-actuated  spring  device  previously  des- 
cribed. The  lag  motion  is  locked  hydraulically,  either 
manually  by  the  pilot  or  by  an  rpm-sensitive  switch.  The 
hydraulic  lock  is  effected  simply  by  closing  the  shutoff 
valve  in  the  circuit,  preventing  any  fluid  flow  in  either 
line.  Because  an  axial  motion  of  the  damper/actuator 
assembly  would  require  a change  in  fluid  volume  within  the 
actuator  cylinder,  a hydraulic  lock  results  whenever  the 
shutoff  valve  is  closed  and  the  blade  will  stay  in  what- 
ever position  it  was  in  just  prior  to  the  closing  of  the 
valve.  Normally  this  position  will  be  close  to  zero  lag 
angle.  Although  leakage  could  allow  very  slow  movement 
over  a period  of  many  minutes,  the  hydraulic  lock  is 
adequate  for  the  short  period  required  to  stop  the  rotor. 


Blade  Foldinc 


After  the  rotor  is  stopped  and  indexed  to  the  proper  over- 
all azimuth  position,  the  pilot  activates  the  fold  command, 
which  affects  all  three  valve  units.  The  safety  valve  is 
energized,  so  that  high  pressure  hydraulic  fluid  reaches 
the  manifold  which  contains  the  other  two  valves.  The 
directional  control  valve  is  energized  to  direct  the  high 
pressure  fluid  to  the  lower  fluid  line  shown  in  Figure  10 
and  to  connect  the  other  line  to  the  return  (reservoir) . 

The  shutoff  valve  is  de-energized  to  open  both  lines. 

This  combination  of  events  directs  the  high  pressure  supply 
to  the  line  marked  "Fold"  in  Figure  10  and  vents  the 
"Spread"  line  to  the  reservoir.  Hydraulic  oil  flows  through 
the  "Fold"  line,  through  the  check  valve  assembly  (the 
check  valve  is  held  open  by  the  compression  spring)  and 
into  the  actuator  cylinder,  where  the  high  pressure  forces 
the  damper  piston  to  move  to  the  left  relative  to  the 
actuator  piston,  in  turn  forcing  the  blade  to  lag  in  the 
desired  direction  for  the  fold  position.  This  motion 
continues  until  the  blade  is  in  the  full  45°  fold  position, 
where  the  piston  bottoms  against  the  end  of  the  cylinder. 

In  this  position  the  locking  dogs  are  free  to  translate 
radially  outward  into  the  recess  in  the  cylinder  wall, 
and  the  floating  piston,  driven  by  its  compression  spring, 
drives  the  dogs  into  the  recess.  The  motion  of  the  float- 
ing piston  actuates  an  electrical  microswitch  which  tells 
the  pilot  that  the  blade  is  locked.  When  all  four  blades 
have  been  confirmed  to  be  locked,  the  pilot  disconnects 
the  hydraulic  pressure  from  the  circuit  and  the  blades 
remain  positively  locked  by  purely  mechanical  means,  with 
no  time  limit. 
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4. 


Blade  Unfolding 


When  the  pilot  wishes  to  unfold  the  blades,  the  "Spread" 
command  affects  three  valves  as  before,  except  that  the 
directional  control  valve  connects  the  high  pressure  to 
the  "Spread"  line  and  the  "Fold"  line  is  connected  to 
the  return.  High  pressure  oil  flows  to  the  check  valve 
assembly.  This  pressure  is  vented  to  the  chamber  above 
the  small  piston  in  this  assembly,  and  this  pressure  would 
overpower  the  compression  spring  and  close  the  two  check 
valves,  except  that  the  roller,  in  contact  with  the  right 
end  of  the  follower  arm  (not  as  shown  in  Figure  10)  pre- 
vents such  motion.  Thus,  the  oil  flows  through  the  check 
valve  assembly  and  into  the  actuator,  where  it  is  directed 
through  the  piston  to  the  right  side  of  the  cylinder.  The 
high  pressure  on  the  right  side  of  the  piston  first  forces 
the  floating  piston  to  the  left,  against  its  compression 
spring,  thus  unlocking  the  lock  dogs.  Then  the  pressure 
serves  to  force  the  damper  piston  rod  to  the  right,  and  the 
lock  dogs  are  displaced  radially  inward  to  their  original 
position  by  the  chamfered  surface  on  the  lock  dogs  and  the 
recess.  The  actuator  motion  continues,  with  blades  moving 
in  the  desired  direction,  until  the  curved  recess  in  the 
follower  arm  allows  the  roller  in  the  check  valve  assembly 
to  drop  down  and  shut  off  the  oil  flow.  The  high  pressure 
oil  then  serves  to  keep  the  check  valves  closed  and  a 
hydraulic  lock  situation  is  again  present,  preventing  the 
blade  from  moving.  It  is  difficult  to  ensure  that  all 
four  blades  will  fold  or  unfold  at  exactly  the  same  rate, 
and  so  the  follower  arm/roller/check  valve  system  is 
provided  to  stop  each  blade  individually  when  it  gets  to 
the  desired  position  (nominally  0°  lag) . Microscwitches 
can  be  included  to  provide  the  pilot  with  a positive  signal 
that  the  Spread  cycle  is  completed  as  desired. 

5 . Unlocking  the  Lag  Motion  After  Starting  Rotation 

The  hydraulic  lock  is  held  automatically  with  the  blades 
at  0°  lag  as  long  as  the  pressure  is  connected  to  the 
spread  line.  After  the  rotor  is  started  and  the  desired 
rotational  speed  reached,  the  pilot  unlocks  the  lag  motion 
by  disconnecting  the  pressure  from  the  system  via  the 
directional  control  and  safety  valves.  The  compression 
spring  in  the  check  valve  assembly  returns  the  check  valves 
to  the  open  position,  and  the  system  is  back  in  the  damping 
mode  described  in  paragraph  1 above. 

It  should  be  noted  that  the  damper/actuator  unit  shown  in  Figure 
10  folds  the  blade  in  the  lag  direction.  Two  of  these  units, 
for  diametrically  opposite  blades,  are  required.  The  units  for 
the  other  two  blades  are  similar  except  that  the  actuator  is 
configured  to  fold  the  blades  in  the  lead  direction  instead, 
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This  requirement  is  the  same  whether  separate  or  integrated 
damper  and  fold  actuator  units  are  utilized. 


DIAMETER  CHANGE  SYSTEM 


The  diameter  change  system,  excluding  the  blades  themselves, 
is  shown  in  Figure  11.  It  is  comprised  of  the  differential  gear 
assembly  in  the  rotor  head,  coaxial  shafts,  clutches  or  brakes 
below  the  transmission,  a friction  brake  on  top  of  the  rotor 
head,  mechanical  locking  and  safety  devices,  and  a diameter 
measurement  and  control  system. 

Differential  Assembly 

The  differential  assembly,  shown  in  Figures  7 and  11,  is  located 
within  the  main  rotor  center  housing  between  the  upper  and  lower 
huh  plates.  It  is  of  a standard  spiral  bevel  type  having  two 
input  bevel  gears  and  four  output  pinions.  Gear  ratio  (pinion 
rpm/bevel  rpm)  is  3:2.  The  blade  retraction  input  bevel  gear 
utilizes  the  upper  end  of  the  main  rotor  shaft  as  its  bearing 
support  housing.  A top  cover  plate  mounted  on  the  upper  hub 
plate  provides  access  to  the  internal  portion  of  the  rotor  hub 
and  differential  assembly  and  also  is  the  bearing  support  housing 
for  the  blade  extension  input  bevel  gear.  The  center  housing 
provides  the  support  and  bearing  housings  for  the  four  output 
pinions.  The  output  pinions  are  lock-spline  connected  to  their 
respective  output  shaft  and  universal  assemblies.  The  output 
shafts  are  loose-spline  connected  to  the  blade  jackscrew  at  the 
blade  root. 

Design  investigation  included  the  possibility  of  using  standard 
straight  bevel  gears  since  the  operation  is  bidirectional. 
However,  analysis  of  operating  loads  showed  that  a spiral  bevel 
gear  arrangement  with  a pressure  angle  of  20°  and  spiral  angle 
of  25°  is  preferred.  The  gear  loads  and  load  direction  are 
significantly  changed  to  permit  use  of  much  smaller  bearing 
sizes. 

The  differential  is  designed  so  that  complete  disassembly  of  the 
differential  may  be  made  on  the  aircraft  after  blade  removal  has 
been  accomplished. 

Main  Rotor  Internal  Shafting 

Located  HLthin  the  S-61  main  rotor  shaft  are  three  concentric 
shafts,  as  shown  in  Figures  11  and  12.  The  two  outer  shafts, 
each  connected  to  one  of  the  two  input  bevel  gears  of  the 
differential,  are  a direct  part  of  the  diameter-change  mechanism. 
They  extend  down  from  the  differential  assembly  through  the  main 
rotor  shaft  to  the  base  of  the  transmission  where  each  termi- 
nates at  a clutch  disc.  The  shafts  are  supported  at  the  upper 
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end  by  their  respective  bevel  gear  bearings.  These  bearings 
each  consist  of  a pair  of  tapered  roller  bearings.  The  lower 
end  of  each  shaft  is  supported  radially  by  a needle  bearing 
which  reacts  the  clutch  input  torque  loads.  The  outermost 
shaft  of  these  two  (just  inside  the  main  robor  drive  shaft)  is 
the  retraction  shaft;  the  inner  shaft  is  the  extension  shaft). 

The  third  (innermost)  shaft  is  constrained  to  rotate  with  the 
rotor  head  and  main  shaft  and  provides  three  functions: 

(1)  The  shaft  moves  vertically  and  provides  the  normal  mechani- 
cal means  of  operating  the  blade  position  lock.  (2)  The  shaft 
moves  vertically  and  operates  the  mechanical  blade  overtravel 
safety  limit  stop.  (3)  The  shaft , which  is  a hollow  tube, 
provides  the  passageway  for  blade-fold  hydraulic  lines  and 
electrical  instrumentation  wires.  The  lower  end  of  the  shaft 
is  equipped  with  both  hydraulic  and  electrical  sliprings.  The 
shaft  is  supported  by  and  actuated  through  a thrust  bearing  and 
connecting  linkage  to  a lock-actuating  cylinder. 

Clutch  Control  System 

Two  clutch  calipers  are  mounted  in  "piggy-back"  fashion  to  a 
common  mounting  bracket  attached  to  the  lower  transmission 
housing.  The  calipers  are  of  standard  disc  brake  type  modified 
for  the  special  mounting  configuration  and  for  use  in  a hori- 
zontal position,  which  includes  relocation  of  input  supply  ports 
and  bleed  ports.  The  calipers  are  sized  for  operating  static 
torque  loads  since  the  actual  kinetic  energy  dissipation  is 
negligible.  System  hydraulic  supply  pressures  are  obtained 
from  the  aircraft  main  hydraulic  system.  Each  actuating  clutch 
requires  a different  operating  pressure,  because  of  the  specific 
torque  load  requirements,  obtained  through  pressure  regulators. 

A pressure  of  2200  psi  is  required  for  the  retraction  clutch 
and  a pressure  of  650  psi  is  required  for  the  extension  clutch. 

A schematic  drawing  of  the  clutch  control  system  is  shown  in 
Figure  13.  A three-position  switch  in  the  cockpit  commands 
retract  or  extend  operation,  with  a self-centering  spring  for 
the  neutral  or  stop  position  (constant  diameter  operation) . 

This  switch  controls  the  two  solenoid  valves  shown  on  the  right 
side  of  Figure  13,  which  direct  the  hydraulic  oil  through  bypass 
valves  to  the  retraction  or  extension  clutch  as  appropriate. 

Two  solenoid -opera ted  bypass  valves  provide  automatic  cutoff  of 
the  clutch  hydraulic  pressure  when  the  blades  are  at  their  nor- 
mal limit  of  travel.  The  diameter  measurement  system,  described 
in  a following  section,  actuates  limit  switches  which  control 
these  valves.  Thus,  even  if  the  pilot  continues  to  command  a 
diameter  change  after  the  normal  blade  travel  limit  is  reached, 
the  clutch  will  disengage  at  the  proper  point. 
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To  provide  for  malfunction  of  either  the  bypass  solenoid  valves 
or  the  diameter  measurement  system,  a mechanically  controlled 
bypass  valve  is  also  incorporated.  A traveling  nut  safety 
device,  described  in  a following  section,  moves  the  instrumenta- 
tion/lock shaft  vertically  downward  in  case  the  blades  extend 
or  retract  beyond  normal  limits.  Before  physical  limits  in 
the  blades  are  exceeded,  the  shaft  motion,  through  a mechanical 
connection  (shown  schematically  in  Figure  13) , will  dump  the 
clutch  hydraulic  pressures  by  means  of  this  bypass  valve. 

Another  function  of  the  mechanically  operated  bypass  valve  is 
to  ensure  that  the  clutches  will  not  operate  inadvertently  when 
the  rotor  diameter  lock  is  engaged.  The  pilot  must  disengage 
this  lock,  by  means  of  another  switch  which  connects  with  the 
lock-control  solenoid  valve.  The  instrumentation/lock  shaft 
must  translate  far  enough  to  disengage  the  diameter  lock 
mechanism  on  the  rotor  head  before  the  bypass  valves  can  be 
actuated  to  permit  hydraulic  pressure  to  reach  the  clutch 
calipers. 

Rotor  Diameter  Indication 

Located  at  the  base  of  the  transmission  assembly  between  the 
two  clutch  discs  is  a miniature  gear  differential  that  is  part 
of  the  mechanical  system  to  measure  and  control  rotor  diameter 
(Figure  11) . The  differential  senses  relative  motion  of  the 
retraction  and  extension  shafts.  During  constant  rotor  diameter 
operation  the  two  shafts  rotate  in  unison  at  main  rotor  shaft 
speed  but  during  a diameter  change  there  is  relative  motion 
between  the  shafts.  The  miniature  differential  is  geared  to 
the  two  shafts  by  means  of  small  ring  gears  located  between 
the  two  clutch  discs.  One  of  these  gears  meshes  directly  with 
one  of  the  spur  gear  inputs  on  the  miniature  differential,  and 
the  other  is  connected  to  the  other  gear  input  through  an  idler 
gear  to  reverse  the  direction.  In  this  manner  the  centerbody 
of  the  differential  does  not  rotate  during  constant  rotor 
diameter  operation,  but  does  rotate  during  a rotor  diameter 
change.  The  rotation  of  the  differential  centerbody,  which 
is  the  output  function  which  averages  the  two  input  rotations, 
is  in  one  direction  during  a diameter  decrease  and  in  the 
opposite  direction  during  a diameter  increase.  The  number  of 
turns  of  the  centerbody  is  in  direct  relationship  to  the  rela- 
tive angular  displacements  of  the  two  shafts. 

The  output  (differential  centerbody  rotation)  is  mechanically 
geared  to  a multiple-turn  potentiometer  used  for  cockpit  display 
of  rotor  diameter.  The  differential  output  also  operates  a 
miniature  jackscrew  with  a traveling  nut  used  to  operate  minimum 
and  maximum  rotor  diameter  limit  switches,  that  are  part  of  the 
clutch  control  system. 
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The  diameter  measurement  and  control  system  is  identical  in 
basic  concept  to  the  system  utilized  in  the  TRAC  dynamic  model 
tests,  Reference  1.  The  model  system  was  not  equipped  with  the 
redundant  safety  features  provided  in  the  present  design,  but 
it  functioned  exactly  as  desired  during  the  test  program. 

Rotor  Head  Friction  Brake 

An  auxiliary  friction  device  is  incorporated  on  top  of  the  rotor 
head  to  permit  control  of  the  overall  mechanical  efficiency  of 
the  retraction  system.  A disc  brake  is  utilized,  as  shown  in 
Figures  11,  12,  and  14,  with  spring-loaded  calipers.  The  brake 
disc  is  loose  spline-connected  to  the  extension  shaft  and  thus, 
geared  to  the  rotor  head  differential  gear  set.  The  disc  also 
functions  as  part  of  the  diameter  lock  system,  described  in  the 
following  section.  The  reason  for  adding  friction  is  to  avoid 
the  possibility  of  an  inadvertent,  self-actuated  diameter  in- 
crease due  to  centrifugal  force,  when  the  lock  system  is  disen- 
gaged. An  overall  system  efficiency  of  slightly  below  50  percent 
is  desired,  because  any  value  less  than  50  percent  is  desired, 
because  any  value  less  than  50  percent  makes  the  system  self- 
locking, a highly  desirable  attribute.  The  efficiency  of  the 
jackscrew  in  the  blade  will  be  higher  than  50  percent  in  most 
cases,  so  the  external  brake  is  incorporated  to  add  friction 
without  contributing  to  heating  or  wear  of  the  blade  components. 
Another  reason  for  desiring  approximately  50  percent  efficiency 
is  that  this  value  dissipates  rotational  kinetic  energy  at  just 
the  right  rate  to  permit  diameter  reduction  without  a tendency 
to  either  increase  or  decrease  rotational  speed. 

The  brake  disc  is  of  conventional  type.  It  is  slotted  for  con- 
trol of  distortion  due  to  heat  generated  during  a diameter 
change.  It  should  be  noted  that  the  brake  functions  only  during 
a diameter  change,  which  takes  approximately  36  seconds  for  full 
travel  at  full  rotor  rpm.  At  all  other  times  there  is  no  rela- 
tive motion  between  the  brake  disc  and  the  rotor  head. 

A rotor  head  friction  brake  of  similar  basic  concept  was  incor- 
porated on  the  wind  tunnel  model  of  the  TRAC  rotor  (Reference  1) . 
This  system  performed  as  desired  during  the  tests. 


Diameter  Lock  System 


The  rotor  diameter  lock,  shown  in  Figures  11,  12,  and  14,  is 
mounted  on  top  of  the  rotor  head  and  consists  of  two  locking 
pawls  and  associated  support  brackets,  over-center  springs  and 
connecting  linkages.  The  friction  brake  disc  is  a common  part 
to  both  the  lock  mechanism  and  the  rotor  head  friction  brake. 
Special  slots  located  on  the  periphery  of  the  disc  mate  with 
the  locking  pawls  to  prevent  relative  motion  between  the  rotor 
head  and  the  diameter  change  mechanism,  mechanically  locking 
the  diameter  at  a constant  value  as  long  as  the  pawls  remain 
engaged.  Six  equally-spaced  slots  (located  midway  between  the 


longer  but  narrov/er  distortion-ccnti'ol  slots)  permit  engagement 
of  the  lock  at  increments  of  60  degrees  of  rotation.  With  the 
3:2  gear  ratio  of  the  rotor  head  differential,  this  corresponds 
to  90-degree  rotation  increments  of  the  pinions  and  the  jack- 
screws.  This  in  turn  permits  the  universal  joints  in  the  jack- 
screw  drive  shafts  to  be  oriented  correctly,  with  one  of  the 
hinge  axes  vertical,  facilitating  the  45-degree  fold  angle  about 
the  lag  hinge,  required  in  the  blade  fold  operation. 

During  normal  operations  the  lock  pawls  are  operated  by  vertical 
motion  of  the  instrumentation/lock  shaft,  through  the  linkage 
on  top  of  the  rotor  head.  Raising  the  shaft  fully  releases  the 
pawls  from  engagement  with  the  slots  in  the  disc  and  places  the 
pawls  in  an  8-degree  over  center  position,  where  they  stay  during 
diameter  change  operations.  When  it  is  desired  to  reengage  the 
lock,  lowering  the  shaft  brings  the  pawls  back  into  contact  with 
the  disc.  Usually  the  slots  will  not  be  in  correct  alignment 
initially,  and  the  shaft  will  not  move  to  the  full  dov/n  position. 
However,  with  a momentary  diameter  change  command  from  the  pilot, 
the  desired  alignment  will  take  place  and  the  pawls  will  snap 
into  place  by  action  of  the  over-center  spring  arrangement  and 
circular  arc  slots  provided  in  the  locking  pawls.  The  shaft 
will  translate  to  the  full  down  position  and  actuate  a position 
switch  to  notify  the  pilot  of  a fully-locked  condition.  It 
should  be  noted  that  an  override  spring  in  series  with  the  lock- 
actuating  cylinder  (Figure  13)  permits  the  piston  to  travel  the 
full  distance  required  even  when  the  shaft  has  not  yet  moved 
fully  down.  Another  position  switch,  on  the  actuator,  permits 
the  pilot  to  verify  that  the  lock  command  has*  been  executed  by 
the  actuator  even  though  the  locking  pawls  might  not  have  en- 
gaged . 

Over-Travel  Safety  Stop  System 

A mechanical  safety  system  has  been  incorporated  in  the  design 
to  provide  automatic  locking  and  shutoff  of  clutch  hydraulic 
pressure  if,  for  any  reasons,  the  normal  system  fails  to  func- 
tion properly.  The  heart  of  this  safety  system  is  a traveling 
nut  located  between  the  ins trumentation/lcck  shaft  and  the 
extension  shaft,  as  shown  in  Figures  11  and  12.  The  extension 
shaft  is  internally  threaded  (double  thread,  right  hand)  and 
the  instrumentation/lock  shaft  is  externally  splined.  The 
traveling  nut  is  threaded  externally  and  splined  internally  to 
mate  loosely  with  the  two  shafts. 

During  constant  rotor  diameter  operation  there  is  no  relative 
motion  between  the  coaxial  shafts,  but  during  a diameter  change 
a relative  rotation  occurs.  The  traveling  nut  is  constrained 
by  the  spline  to  rotate  with  the  instrumentation/lock  shaft, 
and,  because  of  the  threaded  interface  with  the  extension  shaft, 
it  is  constrained  to  translate  axially,  with  the  direction 
dependent  on  whether  the  rotor  diameter  is  increasing  or  de- 
creasing. A diameter  increase  causes  the  nut  to  travel  upward, 
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and  a diameter  decrease  results  in  the  nut  traveling  downward. 
Before  the  rotor  blades  encounter  physical  limits  to  diameter 
change,  the  traveling  nut  reaches  limits  built  into  the  diameter 
change  mechanism.  During  a blade  retraction  over travel  the  nut, 
translating  downward,  directly  contacts  a shoulder  near  the 
bottom  of  the  lock/instrumentation  shaft  (Figure  12) , forcing 
the  shaft  to  move  downward  and  engaging  the  lock  system.  Be- 
cause of  the  override  springs  between  the  actuating  arm  and  the 
lock  actuating  cylinder  (Figure  13) , the  actuating  arm  will 
displace  and  cut  off  clutch  hydraulic  pressure  in  the  normal 
fashion  even  if  the  lock  actuating  cylinder  is  in  the  full  un- 
lock position. 

During  a blade  extension  overtravel  the  traveling  nut  reaches 
the  top  of  the  rotor  head  and  contacts  a flanged  sleeve  which 
is  loose-splined  to  the  lock/ instrumentation  shaft  (Figure  12) . 
This  flanged  sleeve  is  mechanically  connected  through  linkages 
to  the  shaft  cross  beam  at  the  very  top  of  the  lock/instrumenta- 
tion shaft  in  such  a manner  as  to  force  the  shaft  to  translate 
downward.  Just  as  in  the  case  of  blade  retraction  overtravel, 
the  locks  then  engage  and  the  clutch  hydraulic  pressure  is  cut 
off. 

It  should  be  noted  that  during  operation  of  this  safety  stop 
system,  the  brake  disc  may  be  rotating  at  full  rpm  relative  to 
the  rotor  head.  To  allow  the  locking  pawls  to  engage  under 
these  conditions,  accelerating  ramps  are  built  into  the  disc 
(Figure  14)  to  allow  the  pawls  to  have  an  appreciable  radial 
velocity  when  proper  alignment  occurs.  The  over-center  springs 
are  stiff  enough  and  the  pawls  light  enough  to  permit  the  pawls 
to  engage  even  at  full  relative  rpm.  Fortunately,  the  angular 
momentum  of  the  entire  retraction  system  is  quite  small  so  that 
there  is  no  shock  load  difficulty. 

Once  the  overtravel  safety  stop  system  has  engaged,  subsequent 
disengagement  in  flight  is  not  possible  with  the  system  as 
designed.  It  is  entirely  feasible  to  incorporate  a special 
electric  or  hydraulic  actuator  on  the  rotor  head  to  retract  the 
pawls  from  the  brake  disc,  thus  freeing  the  system  to  revert  to 
normal  operation  in  flight.  For  an  experimental  demonstration 
rotor  system,  however,  this  was  not  felt  to  be  required.  If 
the  rotor  becomes  locked  at  minimum  diameter  by  the  safety  stop 
following  a system  malfunction,  a fixed-wing  type  landing  would 
be  required,  an  operation  for  which  the  RSRA  test  vehicle  has 
been  designed.  Unlocking  the  system  and  returning  it  to  the 
normal  operating  condition  would  then  be  a ground  maintenance 
item. 

BIM  Detection  System 


Located  within  the  inboard  end  of  the  redundant  strap  is  a BIM 
switch  for  monitoring  the  condition  of  the  jackscrew  at  all 
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times.  The  pressurized  portion  of  the  jackscrew  is  ported 
through  the  head  of  the  redundant  strap  to  a pressure  switch. 

The  switch  is  normally  held  in  a closed  circuit  condition  by 
the  pressure.  The  signal  from  this  detector  passes  through  two 
sets  of  electrical  sliprings.  One  is  located  on  the  differential 
pinion  output  shaft  and  the  second  is  the  slipring  below  the  main 
transmission.  The  control  is  such  that  a pressure  drop  in  the 
jackscrew  or  an  open  circuit  anywhere  in  the  detection  system 
renders  the  extension-retraction  mechanism  inoperative.  If  a 
blade  jackscrew  should  fail,  the  redundant  strap  will  carry  the 
full  centrifugal  load,  but  it  probably  would  not  be  possible  to 
change  diameter  safely.  The  BIM  system  safety  circuit  will 
prevent  a diameter  change  if  the  jackscrew  develops  a crack 
large  enough  to  let  the  pressure  bleed  out. 

Lubrication 


Differential  Gear  Assembly 

The  center  portion  of  the  main  rotor  hub  is  designed  to 
serve  as  an  oil  reservoir.  All  shaft  and  gear  hub  penetra- 
tions are  sealed  using  standard  type  lip  seals  for  oil 
retention  and  foreign  matter  exclusion.  The  output  pinions 
and  the  retraction  shaft  tapered  roller  bearings  are  oil- 
lubricated.  The  extension  shaft  input  bevel  gear  bearings 
are  grease-lubricated. 

Lower  Shaft  Bearing 

The  lower  extension  and  retraction  shaft  needle  bearings 
are  grease  lubricated  and  sealed. 

Miniature  Differential  Assembly 

The  miniature  differential  bearings  and  support  bracket 
idler  bearings  are  prelubed  and  sealed. 

Lock  Shaft 

The  lock  shaft  actuation  thrust  bearing  is  prelubed  and 
sealed. 

Universal  Joint 

Jackshaft  universal  joints  are  grease-lubricated. 

Lock  Mechanism 


All  lock  mechanism  linkages  and  joints  are  dry  film  lubri- 
cated. The  dry  film  lubricant  has  been  selected  because 
of  the  presence  of  friction-brake-lining  dust  in  the  area 
of  the  lock  mechanisms , as  well  as  normal  airborne  dust 
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and  abrasive  particles* 

Mechanism  Teardown  and  Inspection 

The  entire  design  of  the  blade  retraction-extension  system  was 
developed  for  ease  of  assembly  and  disassembly.  All  shafts  are 
removable  from  the  top  of  the  rotor  head.  The  extension  shaft 
and  the  lock/instrumentation  shaft  are  easily  removed  for 
inspection  of  the  traveling  nut.  All  connections  to  shaft  ends 
are  through  spline  connections.  The  top  of  the  rotor  hub  has  a ' 
cover  that  serves  also  as  the  extension  bevel  gear  bearing 
housing  that  can  be  removed  for  differential  gear  inspection. 

Clutch  calipers,  clutch  disc,  miniature  differential,  lock 
actuating  mechanism  and  control  hydraulics  are  all  external  and 
located  at  the  base  of  the  transmission. 
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DESIGN  ANALYSIS 


PERFORMANCE  AND  SIZING 

In  accordance  with  the  contract,  the  TRAC  rotor  should  have  a 
steady-state  design  lift  capability  in  hover  at  4000  ft,  95°  F, 
of  approximately  20,000  pounds.  The  criterion  selected  for  the 
analysis  was  a rotor  lift  of  21,000  pounds,  to  provide  a net 
lifting  capability  of  20,000  pounds  with  an  airframe  vertical 
drag  allowance  of  5 percent. 

A diameter  of  56  ft  was  tentatively  selected  as  appropriate  for 
the  design  requirements.  An  outer  blade  chord  of  28  in.  was 
also  selected  to  provide  a blade  aspect  ratio  identical  to  that 
of  the  previous  preliminary  design  study  and  the  dynamic  model 
reported  in  USAAVLABS  Technical  Report  73-32,  Reference  1, 
because  of  the  requirement  to  not  deviate  substantially  from  this 
successful  baseline  design.  These  dimensions  provide  a useful 
blade  area  (b5R,  where  b is  the  number  of  blades,  C is  the 
thrust-weighted  mean  chord,  and  R is  the  extended  radius) 
approximately  the  same  as  for  the  standard  H-3  rotor  system, 
which  has  a useful  lifting  capacity  of  20,000  pounds  or  somewhat 
more,  depending  on  the  mission. 

A comparison  between  the  TRAC  rotor  and  other  Sikorsky  rotor 
systems  in  the  same  general  size  category  is  shown  in  Table  1. 

It  can  be  seen  that  in  most  respects  the  TRAC  rotor  has  dimen- 
sional and  blade  loading  parameters  which  are  typical  of  other 
helicopter  systems.  The  important  parameter  of  dimensionless 
blade  loading,  CT/a,  is  essentially  the  same  as  for  the  H-3  and 

H-34  aircraft.  The  Sikorsky  YUH-60A  UTTAS  is  a higher  perform- 
ance pure  helicopter  than  the  other  two  and  for  this  reason  uses 
lower  values  of  C^/o.  Because  the  TRAC  rotor  will  be  used  in 

aircraft  configurations  having  wings  and  auxiliary  propulsion 
systems,  it  is  not  necessary  to  utilize  low  C^/c  values  to 

achieve  high  speeds.  In  fact,  in  the  mission  studies  compari- 
sons described  in  the  second  major  section  of  this  report,  all 
configurations  with  wings  and  auxiliary  propulsion  systems  are 
assumed  to  operate  at  hover  C ^/o  values  of  0.12,  substantially 

above  the  value  selected  for  the  flightworthy  demonstration 
rotor.  Thus,  the  present  design  is  conservatively  sized  for  a 
20,000-pound  lift  capability.  Rotor  thrust  at  the  normal  design 
tip  speed  at  4000  ft,  95°  F,  for  a CT/a  values  of  0.12,  is  over 

24,000  pounds. 


35 


Table  1 indicates  that  the  TRAC  rotor  utilizes  a lower  aspect 
ratio  blade  than  do  the  conventional  systems  because  of  the 
fact  that  the  outer  blade  half  is. in  compression  rather  than 
tension,  and  the  lower  aspect  ratio  is  needed  to  keep  well  clear 
of  the  compression  buckling  condition.  Disc  loading  of  the  TRAC 
rotor  is  somewhat  higher  than  for  the  comparison  helicopters, 
but  studies  of  compound  helicopters  or  stowed  rotor  configura- 
tions have  generally  shown  that  optimum  disc  loadings  are  higher 
than  for  pure  helicopters , and  the  value  shown  for  TRAC  is  in 
line  with  this  general  trend.  The  mission  analysis  comparison 
studies  described  elsewhere  in  this  report  also  confirm  this 
trend. 

Calculations  of  hover  performance  were  made  to  verify  the  lifting 
capacity  of  the  TRAC  rotor.  The  calculation  procedure  used  was 
the  Sikorsky  circulation  - coupled  wake  program  which  utilizes 
a prescribed  rotor  vortex  wake  geometry  which  is  based  on  the 
spanwise  rotor  load  distribution  and  which  generally  agrees  with 
experimental  rotor  performance  to  within  + 2 percent  of  thrust. 
Correlation  of  this  method  was  conducted  with  the  experimental 
results  reported  in  References  5 and  6 to  verify  that  the  method 
would  give  reliable  results  for  different  twist  values  and  high 
root  cutout  values.  Generally  good  correlation  results  were 
obtained.  The  calculations  confirmed  that  the  assumed  TRAC  rotor 
geometry  would  provide  the  desired  lift  capacity  in  hover  without 
encountering  blade  stall. 

Forward  flight  performance  calculations  were  also  made,  utilizing 
the  Sikorsky  Skewed  Flow/Generalized  Rotor  Performance  Method, 
for  flight  speeds  in  the  range  of  40  to  140  knots.  For  speeds 
below  40  knots,  the  results  were  faired  into  the  hover  power 
requirement.  Results  of  these  calculations  are  shown  in  Figures 
15  and  16  for  sea  level  standard  and  4000  ft,  95°  F operating 
conditions  respectively.  Rotor  lift  is  held  constant  at  21,000 
pounds  and  rotor  propulsive  force  corresponds  to  an  airframe 
parasite  area  of  20  ft2.  Curves  are  shown  for  blade  twist  values 
of  0®  and  -8°  and  for  tip  speeds  of  100%  normal  (tip  speed 
660  ft/sec)  and  105%.  At  sea  level  standard  conditions,  no 
significant  blade  stall  is  encountered  at  speeds  up  to  100  knots 
at  any  condition  (blade  stall  parameter  b Cq^  as  defined  in 

cr 

Reference  8) . At  the  4000  ft,  95°F  condition  (Figure  16) , the 
100%  rpm,  zero  twist  blade  case  is  severely  stalled  at  forward 
speeds  above  60  knots.  However,  by  the  simple  expedient  of 
increasing  rotor  rpm  by  5 percent  (within  the  usual  engine  rpm 
control  range)  the  stall  is  alleviated  sufficiently  to  allow  an 
increase  in  flight  speed  of  approximately  40  knots  for  any  degree 
of  stall.  Use  of  blade  twist  also  alleviates  stall  and  reduces 
power  requirements  throughout  the  speed  range.  One  of  the 
design  criteria  assumed  for  the  TRAC  rotor  was  that  it  should 
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be  able  to  operate  as  a pure  helicopter  up  to  at  least  100  knots 
forward  speed.  Although  this  capability  is  not  absolutely 
required  because  of  the  presence  of  a wing  and  auxiliary  pro- 
pulsion system  on  all  TRAC  rotor  configurations  under  considera- 
tion in  this  program,  the  operational  flexibility  afforded  by 
such  a capability  is  judged  highly  desirable.  This  criterion 
is  barely  met  for  the  untwisted  blade  twist  at  105%  rpm  at  4000 
ft,  95°  P,  but  the  -8°  twist  provides  a comfortable  margin  at 
the  105%  rpm  condition.  Because  of  the  performance  benefits, 
the  -8°  twist  was  selected  after  tbe  blade  design  and  aeroelastic 
analysis  studies  established  that  desirably  low  vibratory 
stresses  could  be  achieved  with  this  twist. 

It  was  concluded  that  the  rotor  dimensions  selected  are  correct 
for  achievement  of  program  objectives. 


INVESTIGATION  OF  OUTER  BLADE  SPAR  DESIGN  CONCEPTS 

Eight  distinct  design  concepts  for  the  outer  blade  spar  were 
considered  during  the  preliminary  design  of  the  full-scale  TRAC 
rotor  system.  Cross  section  drawings  of  these  concepts  are  shown 
in  Figure  17,  and  the  calculated  section  properties  are  summa- 
rized in  Table  2.  The  external  airfoil  dimensions  (28 -inch 
chord,  632A016  airfoil  section)  were  kept  constant  during  this 
investigation.  Not  all  of  the  concepts  were  developed  to  the 
same  degree;  some  were  dropped  from  consideration  before  being 
refined  because  preliminary  analysis  indicated  lack  of  promise. 
For  this  reason  the  Table  2 comparisons  might  be  slightly  mis- 
leading with  regard  to  the  relative  merits  of  some  of  the 
configurations. 

Configurations  2 and  6 were  selected  as  the  final  candidates  for 
the  preliminary  design  of  the  full-scale  flightwcrthy  rotor,  with 
number  6 considered  to  be  the  preferred  choice.  They  are  essen- 
tially equivalent  in  mass  and  stiffness  properties  which  provide 
acceptable  aeroelastic  characteristics  for  the  intended  operating 
spectrum,  and  are  believed  to  be  satisfactory  from  the  standpoint 
of  manufacturing  feasibility.  The  choice  between  the  two  has  no 
significant  impact  on  the  design  of  other  blade  components,  rotor 
head,  or  retraction  system.  Configuration  8 was  investigated  as 
a lighter  weight  solution  that  has  a somewhat  higher  manufactur- 
ing risk  at  the  present  time,  but  is  projected  to  be  the  pre- 
ferred solution  in  the  1980  time  frame. 

The  design  constraints  on  the  TRAC  outer  blade  spar  are  differ- 
ent from  those  on  a conventional  blade.  One  difference  is  the 
requirement  that  the  outer  blade  spar  provide  adequate  space  for 
the  inboard  blade  components  when  the  blade  is  telescoped. 

Another  difference  is  that  the  TRAC  outer  blade  spar  is  in  com- 
pression, rather  than  tension.  The  compressive  force  dictates 
that  the  blade  must  be  stiff  enough  overall  to  avoid  column 
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buckling,  and  that  the  spar  wall  must  be  stiff  enough  to 
avoid  local  buckling.  Thus,  the  TRAC  outer  blade  utilizes 
somewhat  thicker  than  normal  blade  airfoil  sections;  the  spar 
is  designed  for  higher  than  normal  flapwise  stiffness;  and  the 
spar  wall  thickness  tends  to  be  greater  than  for  a conventional 
blade.  Aeroelastic  analysis  has  demonstrated  that  a key  factor 
in  keeping  the  outer  blade  vibratory  stresses  low  is  to  provide 
a high  ratio  of  blade  flapwise  bending  stiffness  to  unit  weight. 

Blade  configuration  number  1 has  a structural  concept  the  same 
as  that  of  the  dynamic  model  blades  described  in  Reference  1, 
except  that  the  flapwise  stiffness  has  been  increased  by  the 
addition  of  boron  fiber/epoxy  elements  as  shown.  The  boron 
increases  the  stiffness  to  the  point  where  a significant  blade 
twist,  desirable  from  a performance  standpoint,  can  be  intro- 
duced without  incurring  excessive  vibratory  stresses.  As 
discussed  in  the  following  section,  aeroelastic  analysis  indi- 
cates that  the  original  blade  spar  structure,  without  the  boron 
stiffening,  is  satisfactory  for  an  untwisted  blade,  but  not  for 
the  desired  extended-twist  value  of  -8°.  Blade  configuration  1 
utilizes  an  extruded  aluminum  nose  section,  machined  internally 
as  required  to  provide  the  constant  dimensions  along  the  length 
to  accommodate  the  bearing  slide  blocks  which  are  mounted  on  the 
torque  tube.  The  nose  section  is  bonded  to  the  aluminum  honey- 
comb sandwich  which  forms  the  aft  spar  wall.  The  boron/epoxy 
elements  are  preformed  and  bonded  in  place  with  the  outer  spar 
skin.  The  trailing  edge  fairing  is  of  generally  conventional 
construction,  but  is  one  continuous  structural  unit  rather  than 
the  multipocket  nonstructural  trailing  edge  used  on  most  Sikorsky 
aluminum  main  rotor  blades. 

Blade  configuration  2 is  similar  to  configuration  1,  but  reduces 
weight  by  extending  the  honeycomb  sandwich  construction  forward 
of  the  quarter  chord  line.  Whereas  spar  1 used  the  solid  alumi- 
num extrusion  to  provide  chordwise  balance  about  the  quarter 
chord  line,  spar  2 utilizes  brass  (selected  because  of  its 
relatively  high  density  and  its  coefficient  of  thermal  expansion 
which  is  similar  to  that  for  aluminum) , located  as  far  forward 
as  possible.  Fabrication  is  with  formed  sheet  aluminum  skins 
and  aluminum  flexcore  honeycomb  precut  to  the  exact  thickness 
desired.  The  spar  components,  including  the  brass  counterweight 
and  prefabricated  boron/epoxy  slab3,  are  bonded  together  in  two 
steps  in  an  autoclave,  over  a solid  mandrel  which  provides  the 
closely-controlled  internal  contour  required.  The  trailing  edge 
fairing  is  of  the  same  relatively  standard  construction  as  that 
for  blade  configuration  1,  The  stiffness-to-weight  ratio  of 
blade  2 is  not  quite  as  high  as  for  blade  1,  but  is  high  enough 
to  provide  the  desired  aeroelastic  characteristics,  and  the 
weight  is  less.  Blade  configuration  2 was  selected  as  one  of 
the  two  preferred  candidate  designs  for  the  present  study. 
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Blade  configuration  3 utilizes  an  open  C-section  aluminum  extru- 
sion, and  a second  open  aluminum  channel  member  to  form  the  rear 
spar  wall.  Because  both  sections  are  open,  they  can  be  machined 
to  provide  the  desired  internal  dimensions  to  accommodate  the 
bearing  slide  block.  However,  it  is  anticipated  that  there 
might  be  some  difficulty  in  matching  the  tapered  joints  between 
the  two  members  to  a sufficient  accuracy  along  the  full  length 
of  the  spar  to  provide  a reliable  bond.  Also,  with  the  wall 
thickness  required  to  avoid  local  buckling,  the  spar  is  consid- 
erably heavier  than  desired.  Another  disadvantage  is  that  the 
stiffness-to-weight  ratio  is  too  low  to  permit  the  use  of  blade 
twist.  This  ratio  could  be  increased  by  adding  a high  specific 
modulus  material  such  as  boron  or  graphite  fibers,  but  only  at  a 
still  higher  weight  penalty. 

Blade  configuration  4 also  utilizes  an  open  aluminum  C-section 
extrusion,  In  this  case,  the  section  is  closed  with  a steel 
channel  for  chordwise  balance  and  a wet -layup  graphite/epoxy 
nose  splice  to  minimize  the  problems  of  providing  a good  bond 
in  the  joint.  A layer  of  unidirectional  bcron/epoxy  is  applied 
to  the  rear  spar  wall  to  prevent  the  elastic  axis  of  the  spar 
from  being  too  far  forward.  This  configuration  is  also  judged 
too  heavy  and  has  too  low  a stiffness-to-weight  ratio. 

Blade  configuration  5 utilizes  a single-piece  closed  aluminum 
D-section  spar  extrusion.  Chordwise  balance  is  achieved  by  a 
solid  nose,  and  beads  provide  stiffness  to  avoid  local  buckling 
of  the  spar  wall.  Internal  broaching  can  be  used  if  required  to 
achieve  the  required  dimensional  tolerances  along  the  points 
of  contact  with  the  bearing  slide  blocks.  Fabrication  risks  are 
relatively  low,  but  it  is  not  certain  that  the  aft  portion  of 
the  spar  has  sufficient  resistance  to  vertical  shear  deformations 
in  flight.  Thi3  design  is  lighter  than  configurations  3 and  4, 
but  still  heavier  than  desired,  and  the  stiffness-to-weight  ratio 
is  relatively  low. 

Blade  configuration  G utilizes  a filament-wound  graphite/epoxy 
spar.  Because  of  the  very  high  specific  modulus  (ratio  of 
modulus  of  elasticity  to  density)  of  graphite,  this  material 
permits  lighter  weight,  thinner  spar  walls,  and  higher  bending 
stiffness-to-weight  ratios  than  does  an  all-aluminum  structure. 
The  fiber  orientation  is  mixed:  60  percent  at  + 15°  to  the  span 

axis  and  40  percent  at  + 45°.  The  low-angle  fibers  provide  the 
desired  beam  bending  stiffness  and  the  45°  fibers  provide  tor- 
sional stiffness.  The  spar  is  wound  over  a mandrel  with  the 
internal  stainless  steel  abrasion  strips  already  in  place.  The 
external  leading-edge  abrasion  strip  and  graphite  and  fiberglass 
cover  sheets  are  laid  over  the  wound  spar,  and  this  whole  sub- 
assembly  is  cured  in  an  autoclave  in  a single  operation.  The 
nonstructural  leading-edge  counterweight,  such  as  lead  shot  in 
a rubber  or  epoxy  matrix,  is  installed  after  the  mandrel  is 
removed.  The  trailing-edge  fairing,  made  with  fiberglass  skins 
and  Nomex  honeycomb,  is  also  bonded  on  in  a separate  operation. 
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Blade  configuration  6 is  relatively  light  weight  and  has  the 
desired  stiffness-to-weight  ratio.  Along  with  configuration  2, 
it  was  selected  as  one  of  two  candidate  designs  for  the  present 
study.  The  cost  of  graphite  fibers  has  been  high  in  the  past, 
but  has  dropped  considerably  in  recent  times  and  is  expected 
to  continue  to  drop  for  some  time,  to  the  point  where  cost  rela- 
tive to  conventional  materials  is  not  a major  consideration. 

Labor  hours  should  be  less  than  for  most  other  configurations. 

For  the  long  term  it  is  expected  that  this  material  is  to  be 
preferred  over  the  alternative  materials  shown  in  the  various 
designs  for  the  TRAC  outer  blade  spar. 

Blade  configuration  7 is  similar  to  blade  6,  but  assumes  a hand 
layup  of  the  upper  and  lower  spar  walls  which  are  precured, 
followed  by  a wet  layup  of  nose  and  trailing  edge  splices.  The 
unidirectional  fiber  layers  are  oriented  55  percent  at  0°  (paral- 
lel to  span  axis)  and  45  percent  at  + 45°.  Structural  properties 
similar  to  blade  design  6 are  obtained,  but  the  greater  number 
of  operations  plus  the  four  splices  in  the  spar  wall  suggest  that 
configuration  6 is  to  be  preferred. 

Blade  configuration  8 combines  the  virtues  of  blades  2 and  6 and 
provides  the  lightest  solution  investigated.  An  extra -high 
modulus  graphite  (available  commercially  now)  provides  adequate 
stiffness  with  less  material  than  for  blade  6.  A sandwich  con- 
struction provides  the  necessary  wall  stiffness  to  avoid  local 
buckling.  This  spar  is  also  filament  wound,  but  in  two  steps, 
with  a layer  of  flex-core  honeycomb  mounted  on  the  inner  graphite 
skin  and  a counterweight  installed  prior  to  winding  the  outer 
graphite  skin.  The  internal  stainless  steel  liners,  external 
abrasion  strip,  and  outer  cover  are  bonded  integrally  with  the 
spar  in  the  same  manner  as  for  blade  6.  The  fiber  orientation 
mix  is  the  same  as  for  blade  6.  Blade  configuration  8 is  be- 
lieved feasible  at  present,  but  because  it  entails  slightly  high- 
er manufacturing  risks  and  higher  material  properties  than  blade 
6,  it  was  not  considered  a candidate  for  the  preliminary  design 
of  the  experimental  full-scale  rotor.  Its  superior  weight  pro- 
perties make  it  an  appropriate  candidate  for  a 1980  time  frame 
production  prototype. 

Fabrication  of  Spar  Samples  for  Designs  1,  2,  and  6 

As  part  of  the  evaluation  of  the  various  spar  concepts,  ful!~size 
cross  section  samples  of  three  of  the  designs  were  fabricated  to 
investigate  feasibility  of  manufacture.  To  evaluate  manufactur- 
ing problems  of  blade  spar  configuration  1,  a short  sample  ( ~ 10 
inches)  was  fabricated  and  is  shown  in  Figure  18.  The  aluminum 
nose  was  obtained  from  a scrap  section  of  spar  extrusion  previ- 
ously fabricated  for  the  TRAC  design  selection  test  program. 
Reference  7.  The  unidirectional  boron/epoxy  elements  were  pre- 
fabricated in  a separate  mold,  and  the  aluminum  skins  for  the 
honeycomb  sandwich  were  brake-formed.  The  components  were  bonded 
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together  with  AF-126  film  adhesive  over  a wood  (pine)  mandrel, 
under  vacuum  bag  pressure.  Although  several  imperfections  were 
noted  in  the  finished  product,  partly  due  to  shrinkage  of  the 
wood  mandrel,  the  general  feasibility  of  manufacture  was  estab- 
lished. 

A 2-foot  sample  length  of  spar  configuration  2 was  also  fabri- 
cated, as  shown  in  Figure  19.  As  in  the  sample  of  spar  1,  the 
aluminum  skins  were  brake-formed  to  shape.  In  production,  rolled 
or  stretch-formed  skins  would  be  utilized.  The  unidirectional 
boron/epoxy  slabs  were  prefabricated  in  a closed  metal  mold.  The 
inner  skins  and  the  flex-core  honeycomb  were  laid  up  over  a 
mahogony  mandrel,  with  AF-126  film  adhesive,  and  cured  under 
vacuum  bag  pressure  in  one  operation.  The  tapered  edges  of  the 
honeycomb  were  then  machined  by  means  of  a circular  saw  blade 
in  a milling  cutter.  The  brass  leading-edge  counterweight 
(shaped  in  a separate  operation),  the  boron/epoxy  slabs,  and  the 
outer  aluminum  skins  were  then  bonded  to  the  inner  components, 
in  a second  operation,  using  AF-126  adhesive  between  skins  and 
other  components  and  FM-37  foaming  adhesive  between  the  boron/ 
epoxy  slabs  and  brass  leading-edge  piece  and  the  tapered  edges 
of  the  honeycomb.  The  quality  of  this  spar  sample,  although  not 
perfect,  was  considered  to  be  very  good  for  the  simple  tooling 
utilized.  It  is  believed  that  good  quality,  full-length  spars 
of  this  design  concept  could  be  successfully  produced. 

To  evaluate  the  filament-wound  graphite/epoxy  spar  concept, 
design  number  6,  a 4 -foot  sample  was  fabricated  and  is  shown  in 
Figure  20.  The  "basket-weave"  appearance  results  automatically 
from  the  winding  technique  in  which  a 1/2-inch-wide  tape  of 
graphite  fibers  is  laid  down  in  a helical  pattern,  back  and  forth 
between  one  end  of  the  spar  and  the  other.  The  exposed  surface 
layers  consist  of  + 45°  fibers;  there  are  also  internal  layers 
at  + 15°  to  tiie  span  axis.  This  work  was  performed  to  Sikorsky 
specifications  by  a vendor.  Fiber  Science,  Inc.  The  sample  in- 
cluded the  basic  filament-wound  structure  and  the  internal  stain- 
less steel  liners,  but  not  the  external  leading-edge  abrasion 
strip,  the  composite  cover  sheet,  or  the  leading-edge  counter- 
weight. The  spar  was  wound  over  a solid  plaster  mandrel  which 
was  shaped  to  the  desired  internal  dimensions,  and  then  cured 
under  vacuum  bag  pressure.  The  sample  was  very  successful,  with 
excellent  internal  dimensional  control,  good  external  dimensions, 
and  apparent  good  compaction  and  uniformity  of  the  composite 
structure.  The  integral  bonding  of  the  internal  stainless  steel 
liners  was  also  highly  satisfactory.  This  sample  provided  con- 
vincing evidence  that  the  material  and  particular  fabrication 
technique  can  be  used  with  confidence  for  production  of  full 
sized  blade  spars.  It  is  anticipated  that  the  completed  spar  can 
be  produced  at  relatively  low  cost  because  of  the  minimum  number 
of  labor  hours  required.  Based  on  the  sample  spar,  this  design 
is  judged  to  be  the  most  promising  of  the  spar  concepts  investi- 
gated, and  is  the  preferred  choice  for  the  rotor  preliminary 
design. 
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AEROELASTIC  ANALYSES 


Preliminary  Studies 

Blade  loads  were  calculated  by  means  of  the  aeroelastic  analyses 
described  in  Reference  9.  These  analyses  were  used  initially 
to  obtain  gross  effects  of  blade  twist,  tip  speed,  and  spar 
stiffness  on  vibratory  flapwise  stress  of  the  outer  blade  for 
the  fully  extended  condition  (helicopter  mode) . Blade  properties 
were  scaled  up  from  the  previously  tested  dynamic  model  blades, 
which  were  of  all-aluminum  construction.  It  was  established  that 
varying  tip  speed  in  the  range  of  650  to  700  feet  per  second  had 
no  appreciable  effect  on  calculated  loads.  Twist  had  a signifi- 
cant effect;  vibratory  stress  at  a typical  flight  speed  of  100 
knots  was  increased  by  nearly  50  percent  when  twist  was  changed 
from  zero  to  -8  degrees.  Because  previous  studies  had  indicated 
that  spar  stiffness -to-weight  ratio  was  important  in  determining 
vibratory  stresses,  the  effects  of  adding  a very  high  stiff ness- 
to-weight  material  was  investigated.  The  replacement  of  approxi- 
mately 20  percent  of  the  aluminum  in  the  spar  with  unidirectional 
boron/epoxy  reduced  weight  slightly  and  increased  the  bending 
stiffness  of  the  outer  blade  by  more  than  60  percent.  The  aero- 
elastic analysis  indicated  a 50-percent  drop  in  the  vibratory 
stress.  These  effects  are  shown  in  Figure  21.  Although  the  peak 
value  shown  is  only  about  4400  psi,  correlation  studies  between 
theory  and  experiment  indicated  that  the  theory  gave  reasonable 
qualitative  agreement  but  underpredicted  the  stress  magnitude. 
**2*  least  partly  attributable  to  fuselage-induced  flow 
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Blade  Natural  Frequencies 


The  aeroelastic  calculations  were  conducted  using  spar  properties 
calculated  for  blade  design  6,  but  may  be  considered  to  apply  to 
blade  2 as  well.  Blade  physical  properties  used  in  the  calcu- 
lations are  tabulated  in  Table  3.  It  should  be  noted  that 
although  the  proper  mass  distribution  for  tension-torsion  straps 
are  used  in  the  analysis,  the  proper  stiffness  properties  could 
not  be  used.  For  one  thing,  the  actual  blade  design  incorporates 
12  straps,  whereas  the  analysis  is  limited  to  two.  Also,  the 
analysis  for  natural  frequencies  and  mode  shapes  would  not  con- 
verge when  an  appropriate  representation  of  equivalent  strap 
stiffness  was  incorporated;  it  was  necessary  to  assume  substan- 
tially higher  strap  stiffness  values  to  make  the  program  function. 
Thus,  the  calculated  frequencies  and  loads  for  the  straps  are 
not  correct,  but  it  is  believed  that  this  fact  has  a negligible 
influence  on  the  behavior  of  the  other  blade  components. 

Calculated  natural  frequencies  for  the  full-scale  TRAC  rotor 
blade  are  presented  in  Figures  22  - 24  as  a function  of  rotor 
speed  for  three  blade  length  conditions:  100,  80,  and  60  percent 

of  full  diameter,  respectively.  Because  the  analysis  contains 
four  major  elastic  structural  element  items,  namely  torque  tube, 
outer  blade,  jackscrew  and  straps,  each  with  their  own  degrees 
of  freedom,  the  elastic  modes  are  not  as  simply  defined  as  for 
a conventional  blade  having  a single  major  elastic  structural 
element.  Each  natural  frequency  point  has  a mode  shape  similar 
to  those  shown  in  Reference  9,  in  which  each  of  the  four  elastic 
elements  participate  to  a greater  or  lesser  degree.  For  the 
so-called  "rigid  body"  modes,  flap  and  lag,  all  elements  move 
together  except  for  small  deviations  about  the  mean.  The  torsion 
mode  is  well  defined  because  only  the  torque  tube  and  outer  blade 
participate  in  this  mode.  The  bending  modes,  however,  might  have 
either  a single  element  showing  prominent  deflections  or  several. 
The  letters  adjacent  to  the  calculation  points  on  Figures  22  - 24 
are  a key  for  identification  of  the  elements  which  participate 
in  that  mode.  The  label  B (for  blade)  indicates  that  the  out- 
side elements,  the  torque  tube  and  outer  blade,  show  the  pre- 
dominant deflections.  These  two  elements  are  always  coupled, 
with  the  outer  blade  usually  showing  the  greatest  deflection 
magnitudes.  These  modes  are  the  most  significant  ones  in  deter- 
mining blade  stresses.  The  label  J indicates  that  the  jackscrew 
is  the  primary  participant,  and  the  label  S indicates  that  the 
strap  is  the  primary  participant.  In  some  cases,  two  letters  are 
shown  - this  indicates  that  the  mode  is  more  complex,  with  both 
identified  elements  participating  substantially  in  the  motion. 

(The  first  letter  in  such  cases  indicates  the  element  with  the 
greater  deflection  magnitude.)  It  should  be  noted  that  it  is 
not  always  possible  to  identify  a curve  as  representing  deflec- 
tions of  only  a particular  element;  as  rotor  speed  changes,  the 
nature  of  the  vibratory  mode  can  change.  Thus,  in  Figure  22(a) 
the  third  circular-symbol  curve  above  the  horizontal  axis  (having 
a frequency  of  approximately  33  rad/sec  at  zero  rotor  speed) 
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represents  a strap  vibratory  mode  at  low  rotor  speeds  but  becomes 
a blade  mode  at  higher  rotor  speeds.  Such  a change  in  character 
usually  results  whenever  there  is  a near-coalescence  of  frequen- 
cies of  two  components  in  either  the  flapwise  or  the  edgewise 
planes . 

Portions  of  some  of  the  curves  shown,  such  as  in  Figure  23(b), 
are  extrapolated  from  calculated  points.  This  was  done  because 
the  computer  program  would  not  identify  roots  to  the  differential 
equations  of  motion  in  these  regions,  even  though  it  is  certain 
that  roots  exist.  Despite  considerable  investigation  of  this 
phenomenon,  the  reason  for  the  lack  of  success  in  establishing 
roots  in  these  cases  was  not  established.  From  the  nature  of 
the  physical  problem,  the  extrapolated  frequencies  cannot  be 
too  far  wrong. 

The  variation  of  natural  frequencies  of  the  primary  modes  with 
changing  rotor  diameter,  for  the  100-percent  rpm  condition,  is 
shown  in  Figure  25.  The  bending  and  torsion  frequencies  of  the 
blades  (external  components)  all  increase  as  diameter  is  reduced, 
as  would  be  expected  by  the  reduction  in  length  and  addition  of 
the  stiffnesses  of  the  telescoped  components.  Flapping  and  3ag 
frequencies  stay  nearly  constant.  The  jackscrew  bending  fre- 
quency, however,  reduces  as  the  diameter  is  decreased,  because 
of  the  reduced  centrifugal  load  supplied  by  the  nut  and  the  more 
inward  location  of  the  point  of  application  of  the  centrifugal 
load. 

Analysis  of  Selected  Blade  Design 

An  important  part  of  the  evaluation  of  the  selected  blade  design 
was  the  calculation  of  vibratory  stresses  for  a range  of  flight 
conditions.  The  conditions  evaluated  are  summarized  in  Table  4, 
and  include  a range  of  forward  speed  from  100  to  360  knots, 
three  values  of  diameter,  variations  of  lift  and  propulsive 
force,  and  evaluations  of  the  effects  of  gusts  and  operation  at 
altitude. 

The  nominal  design  operating  envelope  and  structural  design  en- 
velopes are  shown  in  Figure  26.  The  letters  next  to  the  indi- 
cated points  reference  the  cases  listed  in  Table  4.  The  solid 
line  connect  the  points  selected  as  the  nominal  design  operating 
envelope.  This  represents  the  normal  limit  operating  conditions 
assumed  for  the  rotor.  At  100  knots,  case  B,  the  rotor  is 
designed  to  fly  as  a pure  helicopter  at  a gross  weight  of  20,000 
pounds  (21,000  pounds  lift  specified  to  allow  for  an  airframe 
download) , with  propulsive  force  adequate  to  overcome  an  airframe 
parasite  area  of  22  ft2.  At  150  knots,  case  D,  the  lift  is 
reduced  to  10,000  pounds  and  the  propulsive  force  to  zero. 

Cases  F and  G correspond  to  the  diameter  reduced  to  80  percent, 
with  lift  requirements  reduced  as  forward  speed  is  increased. 
Cases  J and  M represent  nominal  zero  lift  conditions  (zero 
collective  pitch  and  rotor  inflow  - calculated  lift  was  slightly 
negative)  at  minimum  diameter. 
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The  dashed  line  in  Figure  26  represents  the  cases  selected  to 
represent  the  nominal  structural  design  envelope,  and  was  intend- 
ed as  a more  severe  operating  envelope  to  be  used  for  analysis 
of  blade  vibratory  stresses,  to  provide  a safety  margin  beyond 
the  nominal  design  operating  envelope.  The  first  three  cases, 

A,  C,  and  E,  are  for  operation  in  the  pure  helicopter  mode  at 
an  assumed  lift  or  18,400  pounds.  This  value,  rather  than  the 
higher  lift  previously  discussed,  was  selected  because  it 
corresponds  to  the  design  gross  weight  of  the  NASA/Army  Rotor 
Systems  Research  Aircraft  (RSRA)  in  the  pure  helicopter  mode. 

The  other  cases  represent  reduced  diameter  and  reduced  lift 
values  following  a trend  similar  to  but  more  demanding  than 
the  nominal  design  operating  envelope.  The  two  highest  speed 
points,  L and  Q,  correspond  to  reduced  rpm  operation. 

The  maximum  calculated  blade  vibratory  flapwise  moments  for  the 
cases  indicated  in  Figure  26  are  shown  in  Figure  27.  As  anti- 
cipated, the  general  trend  was  for  vibratory  moment  to  increase 
with  forward  speed,  particularly  at  the  design  dive  speed  of 
36  knots.  Surprisingly,  one  of  the  points  (L)  thought  to  be  a 
relatively  severe  operating  condition  at  300  knots,  turned  out 
to  have  relatively  low  stresses.  Case  J,  with  a lower  lift  at 
the  same  speed,  had  higher  stresses.  A similar  phenomenon 
showed  up  again  when  the  effect  of  a mild  (8  ft/sec)  vertical 
gust  was  investigated,  as  shown  in  Figure  28.  In  all  cases  the 
lift  increased  substantially  due  to  the  gust,  but  at  full  rpm 
the  vibratory  blade  moments  decreased,  both  at  300  and  360  knots. 
Only  at  360  knots  and  reduced  rpm  did  the  calculated  vibratory 
moment  increase.  Thus,  in  most  cases  it  is  preferable  to  carry 
a positive  lift  on  the  rotor  to  minimize  stresses  at  high  flight 
speeds.  This  phenomenon  has  not  been  explained  but  presumably 
results  from  the  combination  of  blade  twist  and  the  high  advance 
ratio  operation. 

The  effect  of  altitude  on  rotor  loads  is  shown  in  Figure  2.9 . 

As  anticipated,  the  magnitudes  of  both  lift  and  vibratory 
moments  decrease  as  altitude  is  increased.  Whereas  the  blade 
vibratory  moments  are  excessive  for  steady  state  operation  at 
360  knots  at  sea  level,  they  are  reduced  to  acceptable  values 
at  altitude. 

The  calculated  spanwise  distribution  of  vibratory  flapwise 
moments  and  stresses  are  presented  in  Figure  30  for  all  of  the 
conditions  listed  in  Table  4.  The  calculations  were  made  with 
the  significant  blade  modes  including  flapwise,  edgewise,  and 
torsional  degrees  of  freedom.  Only  flapwise  results  are  shown 
because  the  edgewise  and  torsional  moments  and  stresses  were 
much  lower  in  magnitude.  In  addition  to  the  basic  moment  scale, 
which  3S  common  to  all  blade  components,  vibratory  stress  scales 
are  also  shown  in  Figure  30.  These  stress  scales  apply  to  the 
long- length,  minimum  stiffness,  constant-cross-section  portions 
of  the  various  components  as  identified  in  Table  3. 
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In  all  cases  shown  in  Figure  30,  the  maximum  vibratory  moment  _ 
occurs  on  the  outboard  blade.  However,  because  of  the  relatively 
high  section  modulus  of  the  outboard  blade  relative  to  that  of 
the  torque  tube,  the  maximum  vibratory  stress  frequently  rs 
higher  on  the  torque  tube.  Although  allowable  vibratory 
stresses  cannot  be  precisely  determined  without  considerable 
fatigue  testing  of  full-scale  components  , the  anticipated 
allowable  vibratory  stresses  are  on  the  order  of  7 ,000-10 ,000  psi 
for  the  aluminum  torque  tube,  15,000-18,000  psi  for  the  graphite, 
epoxy  outer  blade  spar,  and  15,000-20,000  psi  for  the  steel 
jackscrew.  On  this  basis,  and  allowing  a 50  percent  increase 
above  calculated  stresses , the  outboard  blade  stresses  are 
limiting  only  at  360  knots  at  sea  level;  the  torque  tube 
stresses  are  acceptable  for  all  of  the  nominal  design  operating 
envelope  points  (Figures  26  and  27)  at  sea  level,  except  at  the 
maximum  speed  of  360  knots,  but  are  excessive  for  some  of  the 
nominal  structural  design  envelope  at  sea  level;  and  the  jack- 
screw  stresses  are  acceptable  except  for  360  knots  at  sea  level. 
At  360  knots,  operation  at  altitude  above  10,000  feet  will  pro- 
vide acceptable  stresses  on  all  components. 

Additional  analyses  were  conducted  of  combined  stresses  in  the 
outer  blade  spar  and  torque  tube,  and  of  bearing  stresses  in  the 
sliding  blocks  of  the  blade  components.  These  analyses  were 
routine  stress  checks  and  did  not  indicate  any  unusual  problems 
to  be  overcome.  In  addition  to  these  checks,  stress  calculations 
were  conducted  for  the  blades  in  the  minimum  diameter,  locked- 
hinge,  zero  rotation  mode  at  150  knots  at  sea  level.  At  this 
flight  condition  a lift  corresponding  to  the  maximum  lift 
coefficient  along  the  full  length  of  the  blade  could  be  sustained 
without  exceeding  the  static  strength  limit  of  the  components. 


BLADE  INTERNAL  COMPONENT  DESIGN 

The  design  of  the  blade  was  an  iterative  process  in  which  various 
assumptions  of  loads  and  blade  properties  were  made  and  then 
modified  as  required  to  provide  adequate  strength  and  minimum 
weight.  Description  of  the  blade  internal  components  is  limited 
to  the  final  configurations  and  ignores  the  iterative  process. 

The  centrifugal  load  distribution  in  the  various  blade  components 
at  full  blade  extension  is  shown  in  Figure  31.  The  outboard 
blade  starts  at  the  50%  radial  station  (14  feet)  and  extends  to 
the  tip.  This  component  is  in  compression.  At  the  tip  this 
load  is  picked  up  by  the  tension-torsion  straps  and  is  delivered 
through  the  set  of  six  nuts  to  the  jackscrew,  and  finally  to 
the  sleeve/spindle  assembly,  with  each  of  these  components  adding 
its  own  centrifugal  load.  The  torque  tube  and  nut  reaction  tube 
are  each  independently  supported  by  the  sleeve/spindle  assembly. 
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Jackscrew  & Redundant  Strap 


The  static  design  criteria  for  these  members  is  that  the  ultimate 
load  (1.5  times  centrifugal  force  at  125%  rpm  at  full  blade 
extension)  must  be  carried  by  either  the  jackscrew  or  the 
redundant  strap,  so  that  failure  of  either  one  will  not  result 
in  system  failure.  The  material  assumed  is  maraging  steel,  such 
as  Vascomax  300,  with  a minimum  ultimate  tensile  strength  of 

280.000  psi. 

Calculated  centrifugal  force  at  the  nut  at  100%  rpm  and  100% 
extension  is  56,600  lb,  and  at  the  root  end  of  the  screw  the 
CP  is  67,000  lb  (Figure  31).  The  ultimate  static  load  at  the 
root  end  is  67,000  x 1.5  x 1.25 2 « 157,000  lb,  and  the  required 
tensile  area  for  both  the  jackscrew  and  redundant  strap  is 
157,000/280,000  » 0.561  in.2.  The  maximum  normal  working  stress 
with  both  members  intact  is  67,000/(2  x 0.561)  = 59,700  psi. 

If  the  redundant  strap  is  preloaded  to  10  percent  of  the  normal 
centrifugal  load  of  67,000  lb  on  assembly,  the  division  of  load 
between  the  strap  and  the  jackscrew  will  be  approximately 

37.000  and  30,000  lb  respectively,  and  the  normal  working  stress 
at  100%  rpm  and  100%  extension  will  be  approximately  66,000  psi 
on  the  redundant  strap  and  53,500  psi  on  the  jackscrew.  The 
ground-air-ground  (GAG)  cycle  stresses  can  be  considered  to  be 

a steady  stress  plus  a very  low  frequency  vibratory  stress , 
each  of  which  is  one-half  of  the  above  numbers,  33,000  and 
26,750  psi  for  the  strap  and  jackscrew  respectively.  These 
GAG  cycle  stress  values  are  considered  lew  for  the  selected 
material,  even  when  a stress  concentration  factor  of  3 is 
applied  to  account  for  the  structural  discontinuity  of  the 
jackscrew  threads. 

The  threaded  portion  of  the  jackscrew  has  an  outside  diameter 
of  2.000  inches,  a pitch  diameter  of  1.840  inches,  and  a minor 
diameter  of  1.680  inches.  The  internal  diameter  (bore)  of  the 
jackscrew  is  1.452  inches  and  the  diameter  of  the  internal 
redundant  strap  is  0.845  inches.  The  screw  thread  is  double, 
left  hand,  with  three  threads  to  the  inch  and  a lead  of  2/3 
inch.  The  threads  are  a buttress  type,  with  a contact  face 
angle  of  14-1/2  degrees  and  the  opposing  face  angle  of  22-1/2 
degrees.  The  thread  is  similar  to  that  recently  selected  for 
full  scale  laboratory  tests  of  jackscrew/nut  combinations. 
Reference  7.  At  the  full  rotor  rpm  of  225  and  the  3:2  gear 
ratio  of  the  differential,  the  jackscrew  rpm  is  337.5.  This 
provides  a rate  of  change  of  blade  length  of  3.75  inches  per 
second  and  a total  time  for  diameter  change  between  100%  and 
60%  of  36  seconds. 

The  reason  for  the  double  thread  is  the  increased  screw 
efficiency  and  consequent  reduced  heat  dissipation  requirements 
in  the  blade.  This  effect  is  illustrated  in  Figure  32.  The 
key  elements  are  coefficient  of  friction  and  thread  pitch 
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(helix)  angle ; the  double  thread  permits  double  the  pitch  angle 
for  given  thread  proportions.  An  overall  retraction  system 
efficiency  of  slightly  below  50%  is  desired  in  order  to  make 
the  system  self -locking,  but  it  is  better  to  introduce  friction 
by  means  of  the  rotor  head  brake  rather  than  in  the  jackscrew. 

Tension-Torsion  Straps 

The  structural  design  criterion  established  for  the  tension- 
torsion  straps  is  that  the  strap  package  must  carry  the  full 
ultimate  load  with  two  straps  failed  and  the  remaining  10  straps 
loaded  unequally  such  that  the  highest  strap  stress  is  110% 
of  the  mean  stress  of  the  remaining  straps.  For  the  rotor 
overspeed  condition  of  125%  rpcn  and  a factor  of  safety  of  1.5, 
the  relationship  between  normal  working  stress  and  material 
ultimate  tensile  stress  which  will  satisfy  the  criterion  is 

Ultimate  tensile  stress  _ , i? 

Normal  working  stress  @ 1661"  rpm  (1*25)  x 1.5  x •“  x l.io  = 3.09^. 

The  material  selected  for  the  strap  is  maraging  steel  with  a 
minimum  ultimate  tensile  strength  of  280,000  psi;  the  above 
factor  permits  a normal  working  stress  of  90,500  psi. 

At  100%  rpm  and  full  extension,  the  centrifugal  force  of  the 
outboard  blade,  which  is  the  value  of  the  tension  at  the  out- 
board end  of  the  straps,  is  45,100  pounds.  The  required  total 
strap  area  at  the  tip  is  0.498  in.2,  or  an  individual  strap 
area  of  .0415  in.2,  requiring  a strap  diameter  at  the  tip 
(excluding  the  enlarged  diameter,  threaded  portion)  of  0.230 
inch.  Inboard  of  the  tip  the  diameter  must  be  increased  on  a 
long  taper  to  compensate  for  the  increase  in  centrifugal  force 
due  to  the  strap  mass.  At  the  root  end  the  strap  diameter  is 
0.253  inch. 

The  straps  are  anchored  in  the  nuts  by  means  of  a .450-inch- 
diameter,  integral  shoulder  arrangement,  as  shown  in  Figure  33, 
to  fit  in  counter bored  holes  in  the  nuts.  The  root  end  of  the 
strap  just  outboard  of  the  shoulder  has  a diameter  of  .350  inch, 
to  fit  snugly  in  the  through-bore  in  the  nut.  This  diameter  is 
larger  than  the  main  body  of  the  strap  to  permit  passage  of  the 
.350  O.D.  threaded  tip  of  the  strap  during  assembly.  The  in- 
creased diameter  of  the  threaded  end  permits  the  full  tensile 
strength  of  the  strap  to  be  developed.  The  square  tip  extension 
provides  a means  for  wrenching  for  length  adjustment  and  also 
a means  for  locking  the  rotation  of  the  strap,  as  discussed  in 
a previous  section. 

Blade  Retention  Nuts 

Six  nuts,  each  with  five  threads  plus  a safety  thread  (not 
normally  in  contact)  are  provided.  The  centrifugal  force  at  the 
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nuts  at  100%  rpm  and  100%  extension  is  56,600  pounds,  or  an 
average  of  56,600/30  = 1887  pounds  per  thread.  The  nominal 
projected  contract  area  per  thread  is  .925  in,2,  so  that  the 
nominal  contact  pressure  is  2040  psi.  However,  it  cannot  be 
assumed  that  the  five  threads  of  each  nut  carry  equal  load,  even 
though  the  multiple  nut/strap  configuration  provides  that  each 
nutcarries  an  equal  load.  Elastic  deformations  in  both  the 
jackscrew  and  the  nuts  will  tend  to  load  up  the  inboard  end 
threads  of  each  nut  and  unload  the  threads  toward  the  tip. 

Lapping  the  nuts  against  the  screw  under  load  will  permit  a 
more  even  load  distribution,  and  this  operation  is  recommended 
to  accomplish  better  thread  load  sharing.  Wear  in  service  will 
also  tend  to  improve  thread  load  sharing,  provided  that  lubri- 
cation breakdown  does  not  occur  as  a result  of  excessive  initial 
contact  pressure.  In  the  present  analysis  it  is  assumed  that 
lapping  will  provide  at  least  an  equivalent  of  50  percent  thread 
contact  under  load,  so  that  the  contact  pressure  of  the  effective 
threads  is  not  more  than  double  the  nominal  pressure.  Thus, 
contact  pressure  - 4080  psi.  The  corresponding  shear  stress  at 
the  base  of  the  nut  thread  is  2400  psi.  This  compares  with  an 
ultimate  shear  stress  of  approximately  8000  psi  for  the  P-3310 
carbon-graphite  threads  and  very  much  higher  values  for  the 
alternate  nut  material,  beryllium  copper. 

Jackscrew  Lubrication 


The  jackscrew  is  lubricated  with  Vitrolube  dry  film.  This 
coating,  consisting  of  molybdenum  disulphide  and  other  solid 
lubricant  materials  in  a vitreous  base,  proved  to  be  superior 
to  other  lubricants  investigated  in  a materials  study  conducted 
under  the  Reference  7 contract.  It  worked  very  well  with  both 
carbon  graphite  nut  material  and  beryllium  copper.  The  carbon 
graphite  by  itself  is  also  a good  solid  lubricant  material. 

The  recommended  materials  were  tested  extensively  in  combination 
in  the  Reference  7 tests  at  contact  pressures  (p)  up  to  6000  psi 
and  sliding  velocities  (V)  up  to  190  feet  per  minute,  for  a "pV" 
value  of  1.14  million.  A limited  number  of  overload  tests  were 
also  conducted  up  to  10,000  psi  contact  pressure,  up  to  pV 
values  of  1.9  million.  In  the  present  design,  the  sliding 
velocity  at  the  pitch  diameter  of  the  screw  is  164  feet  per 
minute  at  100%  rpm  (225  rotor  shaft  rpm,  corresponding  to  a 
jackscrew  rotational  speed  of  337.5  rpm).  With  a calculated 
contact  pressure  of  4080  psi,  the  nominal  pV  for  the  present 
design  is  669,000,  substantially  less  than  the  maximum  Reference 
7 test  values.  Based  on  the  referenced  tests,  it  is  anticipated 
that  a coefficient  of  sliding  friction  on  the  order  of  .05  will 
be  achieved.  If  all  of  the  frictional  heat  were  absorbed  by  the 
body  of  the  jackscrew,  the  rise  in  temperature  would  be  approxi- 
mately 50 °F.  Thus  dissipation  of  frictional  heat  is  not  anti- 
cipated to  be  a significant  problem.  Centrifugally  pumped 
cooling  airflow  can  be  readily  provided,  however,  by  the  simple 
technique  of  providing  a small  opening  at  the  root  of  the  blade 
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(with  a filter  to  keep  out  dirt)  and  an  exit  at  the  blade  tip. 
The  total  pressure  drop  available  from  the  centrifugal  pumping 
action  is  equal  to  the  dynamic  pressure  corresponding  to  the 
rotor  tip  speed  - over  500  lb/ft2  for  the  fully  extended  blade 
at  full  tip  speed  at  sea  level. 

DIAMETER-CHANGE  SYSTEM  LOADS 


Loads  in  the  diameter-change  system  are  primarily  a function  of 
blade  jackscrew  torque/  which  in  turn  depends  on  thread  pitch 
angle,  coefficient  of  friction,  applied  centrifugal  force  (which 
is  dependent  on  outer  blade  mass  distribution  and  rotor  rpm) , 
and  on  whether  the  blade  is  being  retracted  or  extended.  The 
basic  equations  for  jackscrew  torque  were  defined,  and  the  vari- 
ation of  torque  per  unit  centrifugal  force  with  coefficient  of 
friction  (between  jackscrew  and  nuts)  for  the  selected  jackscrew 
design  is  shown  in  Figure  34.  For  blade  extension,  a negative 
torque  is  shown  at  friction  coefficients  less  than  approximately 
0.12.  This  means  that  centrifugal  force  would  cause  the  jack- 
screw  to  spin  and  the  blades  to  extend  without  the  extension 
clutch  being  applied;  it  is  for  this  reason  that  the  rotor  head 
friction  brake  is  incorporated  to  make  the  system  self-locking. 

Tests  conducted  under  Reference  7 have  indicated  that  coeffi- 
cients of  friction  in  the  range  of  .05  to  .10  should  be  antici- 
pated as  long  as  the  dry  film  lubricant  utilized  remains  intact. 
As  the  film  gradually  breaks  down  with  extended  usage,  the 
friction  increases,  slowly  at  first  and  then  rapidly,  to  approxi- 
mately 0.2  at  the  end  of  the  usable  lubricant  service  life.  The 
criteria  selected  for  the  design  of  the  system,  except  for  the 
rotor  head  friction  brake,  are  Cf  = .10  for  normal  operation 

(assumed  98%  of  time),  Cf  = .20  for  incipient  lubricant  break- 
down (2%  of  time)  and  Cf  = .30  for  maximum  static  load  calcula- 
tion. Because  the  rotor  head  friction  brake  is  designed  to  add 
friction  when  the  jackscrew  friction  is  low,  a jackscrew/nut 
coefficient  of  friction  of  only  .05  was  assumed  in  sizing  the 
brake . 

The  loads  are  based  on  a centrifugal  force  applied  to  the  jack- 
screw  at  the  nuts  of  57,000  pounds  (full  extension  and  full  rpm). 
Torques  are  based  on  the  criteria  stated  above  and  the  relation- 
ship shown  in  Figure  34,  increased  by  5 percent  to  account  for 
the  friction  between  the  nuts  and  the  nut  reaction  tube,  plus 
900  in. -lb  for  jackscrew  bearing  friction.  The  resulting  torque 
loads  per  blade  are  as  follows ; 

For  retraction  case,  torque  is  12,800  in. -lb  for  normal  operation 
(98%  of  the  time),  18,500  in. -lb  for  incipient  lubricant  break- 
down (2%  of  time),  and  24,400  in. -lb  for  maximum  static  load. 
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The  corresponding  values  for  the  extension  cases  are  zero,  5300, 
and  10,500  in. -lb  respectively. 

The  design  of  the  differential  gears  and  bearings  is  based  on 
the  above  loads,  with  appropriate  allowance  for  the  decrease  in 
loads  as  the  blade  retracts.  The  calculated  prorated  service 
life  of  the  gears  and  bearings  was  more  than  double  the  design 
goal  of  5000  complete  diameter  change  cycles. 

The  coaxial  shafts  and  clutch  system  were  designed  on  the  basis 
of  maximum  static  loads,  plus  the  rotor  head  friction  brake 
torque.  The  friction  brake  design  torque  is  17,800  in. -lb, 
reacted  by  four  spring-loaded  calipers,  each  with  two  friction 
pads.  In  one  retraction  or  extension,  the  energy  dissipation 
by  the  brake  is  1.26  x 10 6 foot  pounds. 


ROTOR  WEIGHTS  SUMMARY 


Calculated  weights  for  the  TRAC  blade  and  retention  system  are 
summarized  in  Table  5.  The  weight  of  each  blade  is  337  pounds; 
the  division  of  this  weight  among  the  various  blade  components 
is  illustrated  in  Figure  35.  The  outer  blade  is  the  heaviest 
of  the  four  major  assemblies,  followed  by  the  torque  tube,  the 
jackscrew,  and  the  nut/strap  assembly.  The  spanwise  weight 
distribution  for  the  blade  and  retention  system  is  shown  in 
Figure  36.  Except  for  the  mid-span  region,  where  the  blade 
segments  overlap,  the  distribution  is  quite  conventional. 

Weights  for  the  overall  rotor  system  including  blades,  rotor 
head,  and  diameter  change  mechanism  are  summarized  in  Table  6. 
Total  rotor  system  weight,  including  blade  folding,  is  2696 
pounds.  This  value  is  13.5  percent  of  the  nominal  design  lift 
capability  of  20,000  pounds.  However,  the  rotor  as  designed 
is  capable  of  higher  lifts;  for  a blade  loading  parameter  Cy/o 

of  0.12  at  4000  ft  95 °F,  rotor  lift  is  24,000  pounds.  The  rotor 
of  weight  is  11.2  percent  of  this  higher  lift  figure.  Also  shown 
in  Table  6 are  estimated  weight  savings  that  should  be  achievable 
if  the  rotor  were  designed  for  a 1980  initial  operational  capa- 
bility (IOC) . Most  of  these  savings  are  based  on  use  of  a 
lighter  outer  blade  spar  (blade  design  8 as  discussed  in  the 
section  on  outer  blade  spar  design  concepts) , which  reduces 
blade  centrifugal  loads,  rotor  head  loads,  and  retraction  system 
loads.  Some  additional  reduction  in  diameter  change  system 
weight  is  obtained  by  substituting  titanium  for  steel.  In  total, 
the  weight  reduction  is  approximately  200  pounds.  The  1980  IOC 
weights  were  used  as  the  basis  of  the  weight  trending  equations 
utilized  for  the  parametric  mission  comparison  studies,  described 
in  the  other  major  section  of  this  report. 

A comparison  between  rotor  system  weights  for  the  TRAC  rotor  and 
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corresponding  values  for  the  SH-3H  helicopter  (which  has  compara- 
ble total  blade  area  and  lifting  capability  - see  Table  1)  is 
shown  in  Figure  37.  The  SH-3H  is  a recent  production  model  of 
the  S-61  series  and  has  a power  blade  fold  system,  as  does  the 
TRAC  rotor.  The  blades  of  the  TRAC  rotor  (present  preliminary 
design)  are  33%  heavier  than  those  of  the  SH-3H.  Hub,  hinge, 
and  blade  retention  weight  values  are  similar.  Blade  fold  on 
the  SH-3H  is  substantially  heavier  than  for  the  TRAC  rotor 
because  of  the  need  for  separate  folding  hinges,  not  required 
on  TRAC.  Total  rotor  weight  is  16%  heavier  than  for  the  SH-3H; 
the  1980  IOC  estimate  is  only  7%  above  the  current  SH-3H  value 
(obviously,  weight  reductions  should  also  be  possible  for  the 
SH-3H  rotor) . In  terms  of  total  rotor  weight  per  unit  effective 
blade  area  (bcR) , the  values  are  11.26  lb/ft2  for  the  present 
TRAC  design,  10.40  for  the  1980  TRAC,  and  9.88  for  the  SH-3H. 

The  value  for  the  YUH-6QA  UTTAS,  without  power  blade  fold  capa- 
bility, is  8.12  lb/ft2 . Based  on  the  present  investigation,  it 
is  estimated  that  the  weight  penalty  for  the  TRAC  rotor  system, 
compared  to  conventional  rotor  systems  of  comparable  technology 
level,  will  be  on  the  order  of  15  to  25  percent,  depending  on 
the  application. 
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PHASE  II;  AIRCRAFT  PARAMETRIC  MISSION  STUDIES 

Parametric  analyses  were  conducted  to  determine  mission  require- 
ments for  which  TRAC  rotor  aircraft  are  competitive  with  conven- 
tional rotor  VTOL  aircraft  configurations.  Prior  analyses  and 
model  test  results  have  shown  that  the  variable-diameter  TRAC 
rotor  concept  will  provide  positive  aerodynamic  benefits  and 
other  benefits  in  the  cruise  mode  of  high-performance  rotary- 
wing aircraft.  However/  quantitative  comparisons  with  conven- 
tional-rotor aircraft,  including  proper  assessment  of  structural 
weight  penalties  of  the  TRAC  system,  had  not  previously  been 
made.  The  present  study  is  intended  to  provide  a realistic 
assessment  of  the  overall  merits  of  the  TRAC  rotor  system  and 
to  identify  long-term  potential  applications. 

The  conventional  rotor  configurations  considered  include  the 
pure  helicopter  and  both  full  rpm  and  slowed  rotor  compound 
helicopters.  The  TRAC  rotor  configurations  include  both  full 
rpm  and  slowed  rotor  compounds  and  the  stowed-rotor  aircraft 
wherein  the  rotor  is  stopped  and  folded  away  during  cruise 
flight.  Mission  variables  considered  include  a substantial 
range  of  design  speeds,  payloads,  ranges,  and  cruise  altitudes. 


AIRCRAFT  CONFIGURATIONS 

There  are  seven  rotary-wing  aircraft  configurations  considered 
in  this  study.  All  are  single  main  rotor  designs,  as  follows: 

1.  Current  technology  pure  helicopter.  The  pure  helicopter 
derives  all  lift  and  propulsive  force  from  the  main  rotor,  and 
for  this  reason  is  relatively  restricted  in  cruise  speed  and 
altitude  capability  by  retreating  blade  stall  limits.  By 
"current  technology"  is  meant  the  state  of  the  art  corresponding 
to  helicopters  presently  in  the  development  cycle,  such  as  the 
Sikorsky/Army  Utility  Tactical  Transport  Aircraft  System,  YUH-60A 
(UTTAS) . 

1A.  Helicopter  with  auxiliary  propulsion.  A limited  evaluation 
of  this  configuration  was  added  to  the  study.  This  aircraft 
derives  all  lift  from  the  main  rotor,  but  has  an  auxiliary  pro- 
peller to  provide  all  or  part  of  the  propulsive  force  in  the 
cruise  mode. 

2.  Full  rpm  conventional  rotor  compound  helicopter.  The 
compound  "helicopter  is  derived  from  a pure  helicopter  by  the 
addition  of  a fixed  wing  to  provide  part  or  all  of  the  lift  in 
cruise  flight  and  an  auxiliary  propulsion  system  (propellers, 
fans,  or  jets)  to  provide  part  or  all  of  the  propulsive  force. 

In  this  manner  the  limitations  of  retreating  blade  stall  are 
avoided  and  higher  speeds  and  altitudes  can  be  achieved  than  for 
the  pure  helicopter.  "Full  rpm"  means  an  rpm  variation  of  not 
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more  than  +5  percent  from  the  design  hover  rpm  value,  to  avoid 
complexities  in  engine  controls,  transmission  design,  accessory 
systems,  and  vibration-control  systems. 

3 . Slowed  conventional  rotor  compound  helicopter.  This 
configuration  operates  at  reduced  main  rotor  rpm  in  cruise 
flight  to  avoid  performance  and  noise  penalties  with  excessive 
advancing  blade  Mach  number.  Cruise  rpm  will  typically  be  in 
the  range  of  75  or  80  percent  of  the  hover  value  and  represents 
a compromise  between  performance  considerations  and  rotor  dyna- 
mics (blade  stresses,  flapping  response,  and  aeroelastic  sta- 
bility) . The  slowed  rotor  compound  provides  higher  speed 
potential  than  the  full  rpm  compound,  at  the  expense  of  possible 
complexities  in  engine  controls,  transmission  design,  accessory 
systems,  and  vibration-control  systems. 

4.  Full  rpm  TRAC  rotor  compound  helicopter.  The  TRAC  rotor 
achieves  a substantially  lowered  tip  speed  in  cruise  flight  by 
means  of  reduction  in  diameter,  so  that  the  need  for  reduced 
rpm  is  eliminated  except  at  very  high  forward  speeds.  As  in 
the  case  of  the  conventional  rotor  compound,  "full  rpm"  is 
taken  to  mean  a variation  of  not  more  than  +5  percent  from 
the  design  hover  value. 

5.  Slowed  TRAC  rotor  compound  helicopter.  The  highest  possible 
cruise  speed  potential  for  a compound  helicopter  is  achieved  by 

a combination  of  reduced  diameter  and  reduced  rpm,  which  serves 
to  delay  advancing  blade  Mach  number  limits  to  the  maximum  ex- 
tent. 


6.  TRAC  stowed  rotor  aircraft.  The  TRAC  rotor  makes  feasible 
the  stowed  rotor  concept,  wherein  the  rotor  is  stopped  in  flight 
and  folded  away  into  the  top  of  the  fuselage,  converting  the 
aircraft  from  a helicopter  at  low  speeds  to  a fixed-wing  aircraft 
at  high  speeds.  This  concept  would  represent  an  extremely  severe 
technological  challenge  with  a conventional  rotor  system  because 
of  problems  with  stability,  control,  and  blade  aeroelastic  behav- 
ior, but  dynamic  model  tests  have  demonstrated  that  the  stowed 
rotor  configuratiqn  should  be  a straightforward  development  with 
the  TRAC  rotor.  This  aircraft  category  will  have  low  drag  and 
high  specific  range,  with  a virtually  unlimited  speed  potential, 
at  the  expense  vof  the  additional  structural  weight  and  complexity 
associated  with  stowing  the  rotor  in  the  fuselage. 
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ANALYTICAL  METHOD  AND  ASSUMPTIONS 


DESIGN  MATH  MODEL 


The  parametric  mission  studies  were  accomplished  with  the  aid 
of  the  Sikorsky  Aircraft  Helicopter  Design  Model  (HDM)  computer 
program.  This  computerized  math  model  permits  a much  more 
detailed  analysis  and  better  optimization  of  aircraft  design 
than  would  otherwise  be  possible.  A general  description  of  HDM 
is  presented  in  Appendix  A. 


GENERAL  SPECIFICATIONS  AND  ASSUMPTIONS 


In  order  to  provide  consistent  ground  rules  for  the  parametric 
mission  studies,  a set  of  general  specifications  was  established. 
These  specifications,  which  influenced  the  studies  through  the 
mechanism  of  weight  trending  equations,  fuel  consumption  rates, 
etc.,  were  intended  to  be  appropriate  for  typical  Army  mission 
requirements.  The  flight  profile  is  generally  representative 
of  a transport  mission.  It  is  believed  that  the  comparative 
results  of  this  study  can  be  applied  to  other  types  of  missions 
as  well;  however,  no  mission  evaluation  in  this  sense  were 
conducted. 

The  general  specifications  are  listed  in  Appendix  B.  In  brief, 
these  specifications  call  for  a single  main  rotor,  with  tail 
rotor  or  fan-in-fin,  main  rotor  disc  loading  not  greater  than 
15  psf,  design  limit  load  factor  of  2.5g,  retractable  landing 
gear,  and  twin  engines  assuming  rubberized  characteristics. 
Performance  requirements  include  specification  of  a vertical 
rate  of  climb  of  500  feet  per  minute  at  design  gross  weight  at 
4000  ft  95°F  at  95%  of  intermediate  rated  power  (30  minute 
rating) . Payloads  from  2000  to  10,000  pounds  and  ranges  from 
200  to  500  nautical  miles  were  considered. 

Various  general  assumptions  were  required  as  inputs  to  the 
helicopter  design  model,,  For  the  most  part,  these  assumptions 
follow  standard  state  of  the  art  practice.  The  important  aero- 
dynamic and  dynamic  assumptions  and  criteria  that  might  have 
an  impact  on  the  comparisons  between  various  aircraft  configura- 
tions are  presented  in  Appendix  C.  Items  included  are  allowable 
blade  twist  and  blade  loadings,  airframe  parasite  drag,  weight 
allowance  for  vibration  control,  rotor  gust  response  criteria, 
and  wing  aerodynamic  design  criteria. 

The  general  weights  trending  methodology  utilized  in  the  present 
study  is  present  in  Appendix  D.  Included  is  a summary  of  weights 
equations  developed  for  the  TRAC  rotor. 
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RANGE  OF  MISSION  VARIABLES 


The  various  combinations  of  aircraft  configuration  type  and 
design  mission  parameters  (payload,  range,  cruise  altitude,  and 
design  cruise  speed)  which  were  investigated  are  summarized  in 
Table  7.  In  addition  to  these  combinations,  there  were  a few 
additional  cases  investigated  which  fell  outside  the  range  of 
variables  indicated.  The  total  number  of  HDM  cases  was  approxi- 
mately 200.  For  each  aircraft  configuration,  a baseline  design 
point  was  specified,  as  indicated  by  the  circled  check  marks  in 
Table  7,  at  which  optimization  studies  were  conducted,  including 
preliminary  design  layouts.  Baseline  mission  payload,  range, 
and  cruise  altitude  were  the  same  for  all  configurations  (5000 
pounds,  350  nautical  miles,  and  4000  ft  95°F  respectively). 

Each  configuration  had  a range  of  design  cruise  speeds,  selected 
to  cover  the  anticipated  range  of  interest  and  as  limited  by 
excessive  advancing  blade  Mach  number.  As  the  configurations 
progress  in  sophistication  from  the  pure  helicopter,  at  the  top 
of  Table  7,  to  the  TRAC  stowed  rotor,  at  the  bottom,  the  range 
of  possible  design  cruise  speeds  generally  increases  and  so  the 
number  of  combinations  investigated  generally  increased.  The 
baseline  design  speed  also  increases  steadily  from  one  configura- 
tion to  the  next,  reflecting  the  anticipated  result  that  the 
optimum  cruise  speed  would  increase  from  one  configuration  to 
the  next  in  some  sort  of  progressive  fashion. 

A range  of  disc  loadings  was  investigated  for  each  configuration 
at  two  or  more  design  cruise  speeds.  Optimum  disc  loadings  based 
on  this  study  were  used  for  the  remainder  of  the  design  points. 
For  each  aircraft  configuration,  a parametric  variation  of  each 
major  mission  variable  was  then  made  about  the  baseline  mission. 
Two  additional  payloads  were  investigated  for  the  baseline  range 
and  altitude,  two  different  ranges  were  investigated  for  the 
baseline  payload  and  altitude,  and  three  different  altitudes  were 
investigated  for  the  baseline  payload  and  range.  A range  of 
design  cruise  speeds  was  also  investigated  for  these  various 
mission  combinations.  Direct  comparisons  of  the  various  configu- 
rations for  identical  missions  is  possible  where  the  range  of 
design  cruise  speeds  overlap.  Many  comparisons  are  also  possible 
for  missions  which  are  identical  except  for  cruise  speed. 

Based  on  results  of  the  parametric  investigation,  a point  design 
study  was  made  for  each  of  the  aircraft  configurations , for  which 
more  specific  information  was  developed,  including  three-view 
drawings,  performance  curves,  etc.  The  point  design  cases  are 
indicated  by  the  squared  check  marks  in  Table  7.  The  design 
cruise  speeds  selected  were  the  same  as  for  the  baseline  points , 
but  different  standard-day  cruise  altitudes  were  selected  as 
more  nearly  optimum  for  the  various  configurations. 
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RESULTS  AND  ANALYSIS 


DISC  LOADING  OPTIMIZATION 

The  initial  task  in  evaluating  the  various  aircraft  configura- 
tions was  to  evaluate  the  effects  of  disc  loading  on  overall 
performance  and  to  select  disc  loadings  for  the  remainder  of  the 
investigation.  The  criterion  selected  was  that  the  optimum  disc 
loading  for  a given  configuration  and  design  cruise  speed  was 
that  which  resulted  in  minimum  gross  weight.  The  disc  loading 
optimization  study,  carried  out  for  4000  ft  95°F  cruise  condi- 
tions and  for  the  baseline  payload  and  range  (5000  lb  and  350 
nautical  miles,  respectively) , is  summarized  in  Figure  38.  For 
each  of  the  seven  aircraft  configurations,  the  helicopter  design 
model  calculation  was  run  for  at  least  three  disc  loading  values 
at  various  design  cruise  speeds.  In  each  case,  a minimum  gross 
weight  design  solution  could  be  defined,  although  the  "bucket" 
of  each  curve  is  quite  shallow.  (If  specific  engines  rather 
than  "rubberized"  engines  were  used  in  the  analysis,  the  minimum 
points  would  be  much  more  sharply  defined.)  These  results  indi- 
cate that  the  results  of  the  investigation  are  not  critically 
dependent  on  the  disc  loading  assumption,  as  long  as  a value 
reasonably  near  the  optimum  is  utilized.  This  also  makes  the 
use  of  the  same  disc  loading  over  a range  of  mission  payloads, 
ranges,  and  cruise  altitudes  a reasonable  assumption,  even  though 
it  is  not  entirely  accurate.  Comparisons  between  the  various 
configurations,  the  main  point  of  the  investigation,  should  be 
valid. 

Optimum  disc  loadings  vary  from  6 lb/ft2  for  the  pure  helicopter 
to  15  lb/ft2  for  the  slowed  rpm  TRAC  compound  at  350  knots.  The 
general  trends  are  shown  more  clearly  in  Figure  39 , which  pre- 
sents optimum  loadings  as  a function  of  cruise  speed.  Bands 
rather  than  lines  are  shown  because  of  the  shallowness  of  the 
curves  in  Figure  38.  It  was  found  that  results  were  divided  into 
three  separate  bands:  one  for  the  configurations  with  high  rotor 

tip  speed  in  cruise,  one  for  those  with  reduced  tip  speed  in 
cruise,  and  one  for  the  stowed  rotor  aircraft.  The  general  up- 
ward trend  of  optimum  disc  loading  with  forward  speed  can  be 
explained  on  the  basis  of  the  balance  of  power  required  in  hover 
and  in  cruise.  At  high  cruise  speeds,  the  cruise  power  is  high 
because  of  the  combination  of  airframe  drag  and  rotor  equivalent 
drag.  When  cruise  power  is  high,  the  same  power  can  be  utilized 
in  hover,  permitting  higher  disc  loadings  than  could  be  used  for 
a low-available-power  aircraft.  Because  high  disc  loadings  tend 
to  minimize  airframe  weight,  high  cruise  power  favors  high  disc 
loading  solutions.  This  tendency  also  explains  the  three  sepa- 
rate bands.  When  tip  speeds  are  reduced,  rotor  drag  is  reduced 
and,  therefore,  cruise  power  is  lowered,  favoring  reduced  disc 
loadings  because  of  the  hover  power  consideration.  Similarly, 
the  stowed  rotor  has  the  lowest  drag  in  cruise  and,  the  , 
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for  a given  cruise  speed,  lower  optimum  disc  loadings  than  the 
various  compound  helicopter  configurations. 

BASELINE  STUDIES  AT  4000  FT  95°F  CRUISE 

A summary  plot  of  gross  weight,  empty  weight,  and  consumed  fuel 
for  the  seven  configurations  for  the  range  of  design  cruise 
speeds  investigated  is  presented  in  Figure  40.  These  results 
are  all  for  the  baseline  mission  of  5000  lb  payload  and  350 
nautical  miles  range.  As  can  be  seen,  comparative  trends  shown 
by  the  curves  of  gross  weight  tend  to  be  repeated  in  both  the 
empty  weight  and  consumed  fuel  data. 

As  was  expected,  the  pure  helicopter,  configuration  1,  shows  the 
lightest  weights  of  any  of  the  aircraft,  at  least  up  to  175  knots 
cruise  speed.  At  190  knots,  the  combination  of  reduced  allowable 
blade  loading,  which  increases  blade  area  required  and  thus, 
rotor  weight,  plus  high  advancing  blade  tip  Mach  number,  which 
increases  rotor  equivalent  drag  and  hence  power  required,  greatly 
reduces  the  efficiency  of  the  pure  helicopter.  In  terms  of  pro- 
ductivity (payload  times  speed  divided  by  weight) , the  best 
design  cruise  speed  for  the  helicopter  is  175  knots.  This  speed 
is  higher  than  indicated  by  some  previous  studies,  resulting  from 
the  relatively  low  levels  of  parasite  drag  utilized  in  this  in- 
vestigation (discussed  in  Appendix  C) . 

Configuration  1A,  the  helicopter  p.lus  auxiliary  propulsion 
(assumed  to  be  a pusher  propeller) , shows  an  advantage  over  the 
pure  helicopter  at  190  knots.  The  basic  benefit  is  the  increased 
lifting  capability  of  the  rotor  as  it  is  relieved  of  the  propul- 
sive force  requirement,  so  that  rotor  weight  can  be  reduced. 

The  full  rpm  conventional  rotor  compound,  configuration  2,  pro- 
vides, the  lightest  solution  at  200  and  225  knots.  At  200  knots 
or  higher,  a wing  is  a much  more  efficient  lifting  device  than 
a rotor,  so  that  the  weight  of  the  wing  is  more  than  offset  by 
the  reductions  in  rotor  system  weight  and  fuel  weight  that  it 
permits.  Because  of  the  high  tip  speed,  however  (assumed  95% 
of  hover  tip  speed  for  this  configuration) , the  drag  increases 
rapidly  with  increasing  forward  speed  because  of  the  increasing 
advancing  tip  Mach  number  encountered.  Note  that  although  this 
configuration  has  the  lowest  empty  weight  of  any  of  the  configu- 
rations analyzed  at  225  knots,  it  has  the  highest  fuel  weight 
because  of  the  high  rotor  drag.  It  should  also  be  noted  that 
the  assumed  operating  temperature,  95°F,  tends  to  favor  the  high 
tip  speed  configurations  relative  to  the  reduced  tip  speed  con- 
figurations, because  the  high  temperature  results  in  a relatively 
high  speed  of  sound  and  correspondingly  low  Mach  numbers  for  any 
given  speed.  On  a standard  day,  much  mors  typical  of  average 
operating  conditions,  the  drag  rise  due  to  Mach  number  occurs  at 
lower  forward  speeds,  and  the  empty  weight  advantage  at  225  knots 
design  cruise  speed  does  not  in  fact  occur.  This  comparison  is 
shown  in  a subsequent  section. 
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Configuration  3,  the  reduced  rpm  conventional  rotor  compound, 
provides  the  lightest  solution  by  a slight  margin  at  250  knots 
for  the  4000  ft  95»F  condition,  but  an  design  ?ruite  speed  !“ 
creases  to  300  knots/  it  is  no  longer  competitive  with  the  TRAC 
rotor  configurations.  One  reason  for  this  result  is  the  minimum 
tip  speed  imposed  by  the  gust  response  criteria,  discussed  in 
Appendix  C.  The  relatively  high  tip  speed  required  to  provide 
adequate  blade  flapping  stability  produces  high  rotor  drag  due 
to  high  rotor  advancing  tip  Mach  number. 


The  TRAC  compound  helicopters,  configurations  4 and  5,  become 
lighter  than  the  conventional  compound  solution  at  forward  speeds 
above  275  knots,  because  of  the  greatly  reduced  rotor  drags  re- 
sulting from  the  combination  of  reduced  blade  area  and  reduced 
tip  speed.  Consumed  fuel  is  also  less  than  for  the  conventional 
rotor.  At  the  highest  compound  helicopter  speeds,  325  and  350 
knots,  the  reduced  rpm  TRAC  compound  (configuration  5)  shows  an 
advantage  over  the  full  rpm  configuration  (4) , again  because  of 
the  rotor  drag  factor. 


The  stowed  TRAC  rotor,  configuration  6,  shows  a clear-cut  advan- 
tage in  consumed  fuel  starting  at  a design  cruise  speed  of  less 
than  250  knots  and  a gross  weight  advantage  starting  below  275 
knots.  At  higher  speeds  these  advantages  become  very  large. 

The  reason  is  the  very  large  drag  advantage  obtained  by  elimina- 
ting rotor  blades  and  hub  from  the  airstream  completely  in  cruise 
flight.  The  consequent  savings  in  installed  power  required  and 
consumed  fuel  more  than  make  up  the  weight  penalty  in  the  mecha- 
nisms required  to  stow  the  rotor.  The  stowed  rotor  configuration 
has  the  highest  productivity  factor  (payload  times  cruise  speed 
divided  by  weight,  indicated  by  the  diagonal  lines  in  Figure  40) 
of  any  of  the  aircraft  types  investigated. 


To  illustrate  some  of  the  factors  involved  in  obtaining  these 
results,  a more  detailed  comparison  between  two  of  the  cases  is 
presented.  The  300-knot  conventional  slowed  rotor  compound  and 
the  300-knot  full  rpm  TRAC  compound  configurations  are  compared 
in  Figures  41  - 43.  Disc  loading  is  13  lb/ft2  for  each  case, 
so  that  this  parameter  does  not  enter  into  the  comparison.  As 
shown  in  Figure  41,  the  hover  figure  of  merit  is  less  for  the 
TRAC  rotor,  despite  a higher  value  of  extended  blade  twist  (-8° 
compared  to  -4°  for  the  conventional  rotor) . This  reduced  hover- 
ing efficiency  results  from  the  large  root  cutout  value  (50%  of 
blade  radius),  as  discussed  in  Reference  5.  The  airframe  verti- 
cal drag,  however,  is  reduced  by  the  relatively  low  downwash 
velocities  in  the  central  part  of  the  disc,  as  discussed  in 
Reference  6.  Because  of  the  reduced  blade  area  and  tip  speed 
in  cruise  for  the  TRAC  rotor,  the  rotor  lift  in  cruise  is  smaller 
than  for  the  conventional  rotor,  and  for  this  reason  the  required 
wing  area  is  higher,  despite  a lower  gross  weight  for  the  TRAC 
rotor  aircraft.  The  cruise  tip  speed  is  lower  for  the  TRAC 
rotor,  resulting  automatically  from  the  reduced  diameter  in 
cruise.  The  conventional  rotor  must  maintain  a higher  tip  speed 
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to  provide  adequate  flapping  stability,  because  of  the  higher 
blade  Lock  number,  as  discussed  in  Appendix  C. 

The  weights  of  the  same  two  aircraft  are  compared  in  Figure  42. 
The  actual  weights,  on  the  left  of  this  figure,  show  that  gross 
weight,  empty  weight,  and  fuel  weight  are  all  less  for  the  TRAC 
rotor.  The  weights  expressed  as  percentage  of  gross  weight  are 
shown  in  the  center  of  the  figure.  The  empty  weight  fraction  is 
slightly  higher  for  the  TRAC  rotor  case,  but  the  fuel  weight 
fraction  is  less.  A summary  of  several  major  subsystem  weight 
fractions  is  shown  on  the  right  of  the  figure.  The  rotor  system 
is  substantially  heavier  for  the  TRAC  rotor,  and  the  wing  weight 
is  higher.  Most  of  this  increased  empty  weight  fraction  is 
cancelled  by  modest  weight  reductions  in  drive  system,  engines, 
fuel  system,  and  vibration  suppression  weights.  The  fuel  weight 
reduction  is  of  greater  significance  than  the  increase  in  empty 
weight  fraction.  It  is  this  reduction  that  results  in  the  de- 
crease in  actual  overall  weights. 

The  drag  reduction  benefit  of  the  TRAC  rotor,  which  is  the  key 
to  the  superiority  of  this  configuration  over  the  conventional 
rotor  compound  at  300  knots,  is  illustrated  in  Figure  43.  The 
largest  element  of  drag  at  the  prescribed  cruise  speed  and 
altitude  is  airframe  parasite  drag,  which  includes  rotor  head 
drag.  This  term  is  larger  for  the  TRAC  rotor  aircraft,  despite 
a lower  gross  weight,  because  of  the  slightly  larger  rotor  head 
required  to  accommodate  the  differential  gear  system  utilized 
to  control  diameter.  Because  of  the  lower  rotor  lift  achievable 
in  cruise,  the  wing  is  larger  on  the  TRAC  aircraft,  and  both  the 
profile  and  induced  drag  terms  are  larger  for  that  reason.  The 
drag  of  the  rotor  itself,  however,  is  greatly  reduced  by  the 
small  cruise  diameter.  The  actual  drag  force  is  reduced  and, 
just  as  significant  from  a performance  standpoint,  the  rotor 
shaft  power  requirement  is  reduced.  As  a result,  the  total 
rotor  equivalent  drag  (the  sum  of  the  actual  drag  force  and  the 
drag  equivalent  of  the  power)  is  only  about  one-third  of  the 
drag  of  the  conventional  rotor,  which  must  operate  at  rpm  ap- 
proximately 25  percent  below  the  hover  value  to  achieve  the 
level  shown  for  it.  Somewhat  lower  drags  for  the  conventional 
rotor  would  result  at  still  lower  rpm  values,  but  only  at  the 
expense  of  violating  gust  response  criteria.  The  low  drag  af- 
forded by  the  variable  rotor  diameter  results  in  lower  cruise 
power  required  and  reduced  fuel  consumption, 

EFFECT  OF  ALTITUDE  ON  PERFORMANCE  COMPARISONS 

The  effects  of  design  cruise  altitude  (standard  day)  on  the  con- 
figuration comparisons  was  investigated  to  determine  if  there 
were  any  significant  changes  from  the  results  calculated  for  the 
4000  ft  95 °F  cruise  condition.  It  turned  out  that  some  of  the 
qualitative  comparisons  did  change.  One  reason  was  the  fact  that 
the  high  temperature  condition  produces  a relatively  high  speed 
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of  sound  and  correspondingly  low  Mach  numbers,  tending  to  favor 
the  high  tip  speed  configurations  (pure  helicopter,  helicopter 
plus  auxiliary  propulsion,  and  full  rpm  conventional  compound) 
relative  to  the  other  aircraft  types.  Because  the  standard  day 
conditions  are,  by  definition,  more  typical  than  hot  day  condi- 
tions, the  comparisons  conducted  for  the  standard  day  cruise 
are  considered  more  meaningful.  It  should  be  noted  that  the 
full  required  vertical  performance  capability  at  4000  ft  95°F 
was  retained  for  all  cases.  The  other  important  factor  was 
that  the  optimum  cruise  altitude  tends  to  increase  with  cruise 
speed,  so  that  comparing  all  configurations  at  the  same  altitude 
is  somewhat  misleading. 

A summary  of  the  effects  of  design  cruise  altitude  on  gross 
weight,  empty  weight,  and  consumed  fuel  is  presented  in  Figure 
44.  This  figure  is  comparable  to  the  summary  comparison  shown 
in  Figure  40,  except  that  multiple  design  cruise  altitudes  are 
shown  and  the  figure  is  divided  into  three  parts  to  avoid  an 
excessive  number  of  overlapping  lines . 

For  the  pure  helicopter,  design  for  sea  level  cruise  minimizes 
gross  weight  and  empty  weight,  although  minimum  fuel  consumption 
results  for  a design  cruise  altitude  of  5000  ft.  The  competi- 
tiveness of  the  pure  helicopter  decreases  rapidly  at  higher 
design  altitudes.  Comparison  with  Figure  40  indicates  that  the 
weights  are  higher  at  all  cruise  altitudes  for  the  standard  day 
than  for  the  4000  ft  95°F  case.  This  is  because  of  the  tempera- 
ture effect  on  Mach  numbers  as  discussed  above.  The  same  effect 
is  apparently  true  for  the  helicopter  with  auxiliary  propulsion, 
although  only  the  5000-ft  altitude  case  was  calculated. 

The  full  rpm  conventional  compound  helicopter  (configuration  2) 
shows  the  temperature/Mach  number  effect  even  more  strongly.  At 
225  knots,  the  gross  weight  for  a sea  level  standard  design  is 
more  than  25  percent  heavier  than  for  the  4000  ft  95°F  design 
condition.  The  5000-ft-altitude  design  had  a gross  weight 
approaching  50,000  pounds,  and  there  was  no  design  solution  at 
all  at  10,000  feet.  Whereas  at  the  4‘  00-ft  95°F  condition 
(Figure  40)  the  full  rpm  conventional  rotor  compound  (configura- 
tion 2)  was  substantially  lighter  than  the  slowed  rotor  compound 
(3)  at  225  knots,  at  the  standard  day  design  conditions  the 
situation  is  reversed  as  shown  in  Figure  44 (a) . It  is  concluded 
that  the  full  rpm  conventional  rotor  compound  is  not  really 
competitive  at  speeds  much  above  200  knots. 


The  slowed  conventional  rotor  compound  shows  benefits  of  design- 
) ing  for  cruise  at  altitude  not  evidenced  by  the  slower  aircraft. 

[ An  altitude  of  10,000  feet  is  beneficial  up  to  the  maximum  de- 

l sign  cruise  speed  of  300  knots,  because  of  the  reduction  of  drag 

| with  decreasing  air  density.  At  higher  design  altitude,  the 

? lower  temperature  and  higher  Mach  numbers  result  in  increasing 

} rotor  drag  and,  hence,  weights  at  the  higher  cruise  speeds.  The 

L restrictions  on  tip  speed  imposed  by  the  criteria  for  blade 


flapping  response  to  gusts,  discussed  in  Appendix  C,  prevent  an 
optimum  aerodynamic  solution  at  higher  altitudes. 

The  effect  of  design  cruise  altitude  on  the  design  weights  for 
the  two  TRAC  compound  helicopters  is  shown  in  Figure  44(b).  For 
these  aircraft,  the  benefits  of  altitude  continue  past  10,000 
feet  to  20,000  feet.  At  the  highest  cruise  speeds,  the  reduced 
rpm  TRAC  compound  (configuration  5)  shows  small  but  distinct 
advantages  in  weights  and  fuel  consumption  over  the  full  rpm 
cases  (configuration  4) • The  TRAC  compounds  are  superior  to  the 
conventional’ slewed  rotor  compound  at  250  knots,  and  the  competi- 
tive advantage  increases  at  higher  design  speeds  at  all  altitudes. 

The  effect  of  design  cruise  altitude  on  the  stowed  rotor  config- 
uration is  shown  in  Figure  44(c).  This  aircraft  type  has  by  far 
the  lowest  fuel  consumption  of  any  of  the  aircraft  for  any  given 
design  speed  in  the  range  studied,  the  lowest  gross  weights  at 
design  speeds  above  about  260  knots,  and  the  lowest  empty  weights 
at  design  speeds  above  about  290  knots.  Consumed  fuel  is  lower 
for  the  TRAC  stowed  rotor  at  a design  speed  of  300  knots  at 
optimum  altitude  than  for  the  175-knot  helicopter,  despite  a 
higher  gross  weight. 

The  aerodynamic  advantages  of  the  TRAC  rotor  are  illustrated  in 
Figure  45,  which  presents  overall  aircraft  lift-drag  ratio, 
equivalent  to  actual  aircraft  L/D  times  propulsive  efficiency, 
as  a function  of  design  cruise  speed  and  altitude.  Despite  the 
general  trend  for  overall  L/D  to  decrease  with  increasing  for- 
ward speed,  the  TRAC  configurations,  particularly  the  stowed 
rotor,  achieve  higher  overall  L/D  values  and  greatly  increase 
the  magnitudes  of  cruise  speeds  for  which  competitive  L/D's  are 
achieved. 


VARIATION  OF  PAYLOAD  AND  RANGE  REQUIREMENTS 

Payload  and  range  requirements  on  each  side  of  the  baseline 
values  were  investigated  to  establish  whether  the  comparisons 
between  aircraft  types  were  significantly  affected.  Results  of 
this  investigation,  all  conducted  for  the  4000-ft  95°F  cruise 
condition,  are  presented  in  Figures  46  and  47,  In  Figure  46, 
values  of  gross  weight,  empty  weight,  and  consumed  fuel  are 
presented  for  the  various  configurations  and  various  cruise 
speeds,  all  at  a constant  range  of  350  nautical  miles,  for  pay- 
loads from  2000  to  10,000  pounds.  In  general,  the  results  indi- 
cate only  minor  changes  in  the  relative  merits  of  the  various 
configurations,  depending  partly  on  the  design  cruise  speed  con- 
sidered. All  of  the  calculations  indicate  that  larger  aircraft 
become  more  efficient,  i.e.,  the  gross  weight,  empty  weight,  and 
consumed  fuel  increase  by  a substantially  smaller  percentage  than 
the  increase  in  payload.  Conversely,  the  smaller  design  payload 
results  in  less  efficient  aircraft  (lower  payload  to  gross  weight 
fractions) . 
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Similar  information  for  the  effects  of  design  range,  from  200 
to  500  nautical  miles,  are  shown  in  Figure  47  for  a constant 
payload  of  5000  pounds.  Again,  the  variations  indicate  small 
changes  in  the  relative  merits  of  the  configurations.  There  is 
some  evidence  that  at  speeds  in  the  range  of  300  to  400  knots, 
the  stowed  rotor  configuration  improves  its  competitive  advan- 
tage at  longer  ranges,  as  might  be  expected  because  its  of  the 
low  drag. 

It  was  concluded  that  configuration  comparisons  made  at  baseline 
missions  are  basically  valid  throughout  the  spectrum  of  design 
payloads  and  ranges  investigated. 


EVALUATION  OF  POINT  DESIGN  AIRCRAFT 


As  part  of  the  mission  studies  investigation,  a brief  point 
design  study  was  conducted  for  each  of  the  basic  aircraft  con- 
figurations of  the  study.  Initial  design  layouts  were  updated 
in  accordance  with  results  of  the  trending  studies  and  perfor- 
mance and  operating  envelopes  were  defined.  Design  conditions 
were  selected  to  optimize  each  of  the  aircraft  types. 


SELECTION  OF  DESIGN  CONDITIONS 

Each  of  the  point  designs  selected  was  intended  to  represent  an 
optimum  choice  for  the  particular  aircraft  type,  with  consistent 
ground  rules  to  the  extent  possible.  A standard  day  rather  than 
a hot  day  was  selected  for  all  point  design  studies  as  being 
more  typical  of  required  operating  conditions.  Standard  day  con- 
ditions also  provide  more  realistic  comparisons  between  the  high 
tip  speed  and  reduced  tip  speed  configurations  because  of  the 
relationship  between  temperature  and  rotor  Mach  numbers  on  rotor 
drag,  as  discussed  in  the  previous  section.  The  altitude  vari- 
ation information  developed  in  the  parametric  mission  studies 
was  utilized  to  optimize  speed  and  altitude  for  each  configura- 
tion. Full  vertical  performance  capability  (500  ft/min  verti- 
cal rate  of  climb  at  design  gross  weight  at  95%  IRP)  was  retained 
at  4000  ft  95 °F  conditions  for  all  configurations. 

The  point  design  conditions  were  selected  largely  on  the  basis 
of  achieving  maximum  transport  productivity  consistent  with  a 
reasonable  fuel  consumption.  For  this  purpose,  productivity 
was  defined  as  PL  x VfiL  where  PL  is  the  payload,  Vg^  is  block 

WE 

speed  (mission  range  divided  by  the  total  mission  time  including 
ground  time) , and  WE  is  weight  empty.  Productivity  is  frequent- 
ly used  as  a measure  of  cost  effectiveness  of  an  aircraft,  since 
the  rate  of  doing  useful  work  is  proportional  to  payload  and 
block  speed,  whereas  the  cost  of  the  aircraft  is  generally  pro- 
portional to  empty  weight.  Charts  of  productivity  and  consumed 
fuel  for  the  baseline  missions  (payload  of  5000  pounds  and  range 
of  350  nautical  miles)  are  presented  in  Figure  48  for  a range  of 
cruise  speeds  and  altitudes  for  the  six  basic  aircraft  configura- 
tions. The  selected  points  are  indicated  on  each  chart. 

For  the  pure  helicopter,  Figure  48(a),  only  175  knots  cruise 
speed  was  investigated  because  the  parametric  studies  at  4000  ft 
95°F  showed  that  this  would  be  the  optimum  speed.  The  productiv- 
ity is  maximum  for  a sea  level  design  cruise,  and  decreases  at 
altitude.  Despite  this,  5000  ft  was  selected  as  the  design 
cruise  altitude  because  a sea  level  design  is  simply  not  realis- 
tic for  typical  Army  missions  where  some  altitude  capability  is 
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required  for  clearance  over  the  local  terrain.  Consumed  fuel 
is  minimized  by  designing  for  5000  ft,  and  a further  benefit  is 
that  maneuver  capability  and  operational  envelopes  will  be  en- 
hanced compared  to  a sea  level  design. 

For  the  full  rpm  conventional  rotor  compound,  Configuration  2, 
the  chart  shows  that  a 200  knot  cruise  speed  is  clearly  superior 
to  a 225- knot  design.  Again,  a minimum  altitude  of  5000  ft  was 
legislated,  but  in  this  case  very  little  penalty  in  productivity 
was  involved. 


No  comparable  chart  was  prepared  for  the  helicopter  with  auxil- 
iary propulsion  (Configuration  1A)  because  fewer  parametric  vari- 
ations were  investigated  for  this  aircraft.  A point  design  speed 
of  190  knots  (the  best  speed  indicated  by  the  4000-ft  95#F 
studies) , and  a design  cruise  altitude  of  5000  ft  were  selected. 
It  is  believed  that  this  design  point  is  close  to  optimum  for 
this  configuration,  because  it  is  an  intermediate  step  between 
Configurations  1 and  2,  both  of  which  are  better  defined. 

Charts  for  the  reduced  rpm  conventional  rotor  compound  and  the 
full  rpm  TRAC  rotor  compound  are  shown  in  Figure  48(b).  For 
this  aircraft,  a family  of  curves  resulted  which  permit  a reason- 
ably clear-cut  choice  for  the  optimum  design  point.  Although 
the  maximum  productivity  point  and  minimum  fuel  point  never  coin- 
cide, the  selected  points,  slightly  below  maximum  productivity 
in  the  interest  of  conserving  fuel,  represent  a good  compromise. 
The  selected  points  are  250  knots  at  10,000  ft  for  the  slowed 
rotor  compound  and  300  knots  at  20,000  ft  for  the  full  rpm  TRAC 
rotor  compound. 

For  the  slowed  rpm  TRAC  compound,  Figure  48(c),  the  selected 
design  point  of  350  knots  at  20,000  ft  is  clearly  not  optimum 
from  the  fuel  consumption  standpoint;  a lcwer  design  cruise 
speed  would  be  better.  However,  the  350  knot  speed  was  delib- 
erately picked  to  explore  the  maximum  possible  cruise  speed  for 
a compound  and  to  separate  the  design  point  from  that  selected 
for  the  full  rpm  TRAC  compound. 

The  stowed  rotor  aircraft  design  trade-offs,  also  shown  in 
Figure  48(c),  permit  a more  reasonable  compromise.  A design 
speed  of  400  knots  at  20,000  ft  was  selected. 

The  design  cruise  speed  and  altitude  for  the  seven  design  points 
are  summarized  in  Figure  49.  The  optimum  cruise  altitude  gen- 
erally increases  with  design  cruise  speed  because  of  the  benefi- 
cial effects  of  reduced  density  on  aircraft  drag.  The  shape  of 
the  curve  suggested  that  even  higher  cruise  altitudes  might  be 
beneficial  for  Configurations  5 and  6.  This  possibility  was 
investigated  briefly,  but  there  was  little  apparent  benefit 
because  of  a relative  deterioration  in  engine  performance  capa- 
bilities at  higher  altitudes. 
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DESCRIPTION  OF  POINT  DESIGN  AIRCRAFT 


Three-view  drawings  of  the  point  design  aircraft  are  shown  in 
Figures  50  - 56.  Not  included  are  drawings  of  the  helicopter 
with  auxiliary  propulsion  (which  looks  essentially  identical  to 
the  full  rpm  conventional  rotor  compound.  Configuration  2, 
except  for  the  absence  of  a wing  and  for  the  number  of  blades) , 
or  of  the  reduced  rpm  TRAC  compound  (which  looks  identical  to 
the  full  rpm  TRAC  compound,  Configuration  4,  except  for  the 
number  of  blades).  Two  versions  of  the  stowed  TRAC,  Configura- 
tion 6,  are  shown.  The  helicopter  design  model  computer  print- 
out summaries  for  the  seven  point  design  aircraft,  including 
major  dimensions,  physical  and  aerodynamic  attributes,  summery 
weight  statements,  mission  segment  descriptions,  and  life-cycle 
cost  information,  are  presented  in  Tables  8 - 14. 

The  175-knot  pure  helicopter,  Configuration  1,  is  shown  in 
Figure  50.  It  is  of  conventional  main  rotor/ tail  rotor  arrange- 
ment. Because  of  the  relatively  low  optimum  disc  loading, 

6 lb/ft2 , this  aircraft  has  the  largest  diameter  rotor  of  the 
seven  point  design  aircraft,  despite  the  lowest  gross  weight. 

The  200-knot  full  rpm  conventional  rotor  compound.  Configuration 

2,  is  shown  in  Figure  51.  A pusher  propeller,  similar  in  con- 
cept to  that  of  the  AH-56  Cheyenne  design,  was  assumed.  This 
arrangement  provides  the  simplest  transmission  and  shafting  lay- 
out and  is  entirely  satisfactory  at  the  design  speed  of  200  knots 
where  the  propulsive  force  and  power  required  are  relatively  low. 
The  wing  on  this  aircraft  supports  about  one-half  of  the  weight 
in  cruise  flight.  The  190-knot  helicopter  plus  auxiliary  pro- 
pulsion, Configuration  1A,  looks  essentially  the  same  as  Config- 
uration 2 except  for  the  lack  of  a wing  and  the  number  of  blades 
(five  instead  of  four). 

The  250-knot  slowed  conventional  rotor  compound,  Configuration 

3,  is  shown  in  Figure  52.  Because  of  the  increased  propulsive 
power  relative  to  that  of  Configuration  2,  the  pusher  propeller 
configuration  would  be  considerably  heavier  and  would  not  balance 
satisfactorily.  The  best  arrangement  was  to  utilize  two  propul- 
sive units  on  the  wings , which  are  large  enough  to  accommodate 
the  two  engines  as  well.  Shaft-driven  shrouded  cruise  fans, 
such  as  the  Hamilton  Standard  Q-Fan,  were  assumed.  At  speeds  of 
250  knots  or  above,  these  fans  are  nearly  as  efficient  as  a pro- 
peller, require  less  rpm  reduction,  reduce  noise,  provide  better 
clearance  for  main  rotor  flapping,  and  reduce  hazard  to  ground 
personnel. 

The  250-knot  compound  and  all  higher  speed  aircraft  were  assumed 
to  have  a fan-in-fin  anti -torque  and  directional  control  system, 
similar  to  that  demonstrated  on  the  Sikorsky  S-67  Blackhawk 
helicopter,  Reference  10.  The  fan- in-fin  concept  is  particularly 
appropriate  for  high-speed  compound  helicopters  because  it 
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provides  reduced  drag  in  cruise  relative  to  a conventional  tail 
rotor  and  is  not  subject  to  blade  flapping  instability  problems 
at  the  high  cruise  advance  ratios.  Although  the  fan-in-fin 
increases  hover  power  slightly , the  higher  speed  aircraft  tend 
to  have  a high  installed  power  to  satisfy  cruise  requirements  , 
so  that  relatively  little  compromise  is  required. 

The  300-knot  full  rpm  TRAC  rotor  compound,  Configuration  4,  is 
shown  in  Figure  53.  This  aircraft  looks  very  similar  to  the 
conventional  compound,  except  that  in  cruise  the  rotor  diameter 
is  only  60  percent  of  the  hover  value.  Because  the  TRAC  rotor 
aircraft  operates  at  20,000  ft  cruise  altitude,  it  is  assumed 
that  the  fuselage  is  pressurized,  with  appropriate  weight 
allowances  included  in  the  helicopter  design  model. 

The  350-knot  slowed  rpm  TRAC  rotor  compound,  Configuration  5, 
is  similar  in  appearance  and  dimensions  to  Configuration  4, 
except  that  it  has  six  blades  instead  of  five.  For  this  reason, 
a separate  drawing  was  not  prepared. 

The  400-knot  stowed  TRAC  rotor  aircraft.  Configuration  6,  is 
shown  in  two  versions  in  Figures  54  and  56.  Both  versions 
assume  four  blades  and  a fore-and-aft  blade  fold  arrangement 
like  the  one  described  in  the  full-scale  rotor  preliminary 
design  section  of  this  report.  The  first  version  of  the  stewed 
rotor  assumes  that,  after  the  blades  are  stopped  and  folded 
fore-and-aft,  the  rotor  is  stowed  by  means  of  an  extensible 
rotor  shaft  arrangement,  so  that  the  rotor  head  and  blades 
translate  vertically  downward  without  disturbing  the  main  trans- 
mission. The  extensible  rotor  3haft  configuration,  Figure  55, 
utilizes  hydraulic  pressure  to  lock,  unlock,  and  to  translate 
the  moveable  members , in  a manner  similar  to  that  described  in 
U.S.  Patent  No.  3,581,624,  Reference  11.  The  locking  arrange- 
ment, utilizing  conical  surfaces  forced  together  by  the  hydrau- 
lic pressure,  permits  carrying  the  vibratory  shaft  bending 
moment  required  without  the  fretting  action  that  would  occur  with 
a simple  spline.  The  internal,  coaxial  diameter  change  shafts 
are  active  only  during  diameter  changes  and  even  then  carry  only 
torque,  not  bending  moment,  so  that  two-piece  shafts  with  a 
simple  loose-spline  connection  provides  a satisfactory  exten- 
sible arrangement. 

In  order  to  provide  the  vertical  distance  to  accommodate  the 
translation,  a low-wing  configuration  is  utilized,  with  the 
main  transmission  located  belcw  the  floor  of  the  cabin.  The 
main  rotor  driveshaft  extends  through  the  fuselage  inside  a 
well  which  is  sealed  against  the  cabin  pressurization.  Although 
the  obstruction  in  the  cabin  is  undesirable  from  the  point  of 
view  of  flexibility  of  loading  bulk  cargo,  the  space  around  the 
well  is  wide  enough  to  permit  relatively  easy  fore  and  aft 
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movement  of  passengers  , and  there  are  many  missions  for  which 
the  obstruction  would  not  be  objectionable.  In  stowing  the 
blades,  doors  on  the  top  of  the  fuselage  open  when  the  rotor 
head  and  shaft  translate  downwards , then  close  again  after  the 
rotor  is  fully  down,  completely  enclosing  the  blades.  The  top 
of  the  rotor  head  is  a round  fairing  which  forms  part  of  the 
external  fuselage  contour. 

The  alternate  stewed  rotor  aircraft  configuration.  Figure  56, 
avoids  vertical  translation  of  the  rotor  after  fore-and-aft 
blade  fold,  thus  simplifying  the  rotor  system  design.  Instead, 
the  upper  fuselage  fairing  is  designed  to  translate  vertically 
to  enclose  the  blades  in  cruise,  and  to  retract  to  a lower 
position  to  expose  the  rotor  for  low  speed  operations.  This 
configuration  has  a slightly  humpback  appearance  in  cruise,  but 
the  angles  are  low  enough  to  permit  avoidance  of  a significant 
drag  penalty,  and  it  has  the  advantage  of  an  unobstructed  cargo 
compartment. 

The  fan-in-fin  unit  for  both  stewed  rotor  configurations  is 
assumed  to  have  louvers  which  close  off  the  duct  to  reduce 
parasite  drag  in  cruise  flight.  The  design  layouts  of  this 
aircraft  were  defined  in  sufficient  detail  to  allow  weight 
trending  information  developed  for  the  added  rotor  stowing 
features,  as  discussed  in  Appendix  D. 


COMPARISON  OF  AIRCRAFT  WEIGHTS  AND  PERFORMANCE  PARAMETERS 

A summary  comparison  of  gross  weight,  empty  weight,  and  consumed 
fuel  for  the  seven  point  design  aircraft  is  3hown  in  Figure  57. 
These  data  are  consistent  with  the  information  previously 
presented  in  Figure  44,  but  represent  the  near-optimum  design 
operating  conditions  selected  for  each  type.  Empty  weight  and 
gross  weight  generally  increase  with  design  cruise  speed  as 
expected,  but  for  the  three  TRAC  rotor  aircraft,  the  speed  in- 
creases more  rapidly  than  the  gross  weight  such  that  the  produc- 
tivity based  on  cruise  speed,  indicated  by  the  diagonal  lines 
in  Figure  57,  improves  relative  to  the  slower  aircraft.  The 
stowed  rotor  aircraft  in  particular  shows  a large  gain  in  pro- 
ductivity. 

Consumed  fuel  is  surprisingly  similar  for  the  various  aircraft. 
The  175-knot  helicopter  uses  the  least  fuel  of  the  seven  air- 
craft shown,  but  the  higher  speed  aircraft  use  relatively  little 
more.  For  example,  the  250,  300,  and  400-knot  aircraft  each 
consume  less  than  25%  more  fuel  than  the  175-knot  helicopter. 
This  result  stems  from  the  reduced  rotor  drag  and  increased 
altitude  in  progressing  from  the  slower  to  the  faster  aircraft. 
As  pointed  out  in  a previous  section,  if  the  full  rpm  TRAC 
compound  were  designed  for  250  knots  rather  than  300,  or  the 
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stowed  TRAC  designed  for  300  knots  rather  than  400,  the  consumed 
fuel  in  each  case  would  be  reduced  to  less  than  that  of  the 
175  knot  helicopter. 

A comparison  of  transport  productivity  is  presented  in  Figure  58. 
The  upper  half  of  the  figure  shows  productivity  based  on  cruise 
speed,  consistent  with  Figure  57.  Productivity  is  frequently 
based  on  block  speed,  which  is  less  than  cruise  speed  (Appendix 
C,  Figure  C-8) , and  this  correction  is  shown  on  the  lower  half 
of  Figure  58.  The  productivity  values  are  all  decreased,  and 
the  advantage  of  speed  is  diminished  slightly,  but  the  results 
are  qualitatively  similar.  Although  the  slowed  conventional 
rotor  compound  suffers  slightly  relative  to  the  pure  helicopter, 
the  TRAC  rotor  aircraft,  particularly  the  stowed  rotor,  show 
productivity  advantages  as  well  as  the  large  speed  advantage. 

A comparison  of  overall  weight  fractions,  expressed  as  percent- 
ages of  gross  weight,  are  presented  in  Figure  59.  Note  that 
each  point  on  any  given  curve  represents  a different  aircraft. 

The  empty  weight  fraction  generally  increases  as  the  configura- 
tion design  cruise  speed  increases,  with  corresponding  reductions 
in  payload  and  useable  fuel  fractions . 

A more  detailed  breakdown  of  subsystem  weight  fractions  is  shown 
in  Figure  60.  Considering  the  categories  one  at  a time  from  the 
top  of  the  figure,  the  engine  weight  fraction  increases  with 
design  cruise  speed  as  would  be  expected  from  the  variation  of 
power  required  with  speed.  The  stowed  rotor  aircraft  engine 
weight  falls  below  this  general  trend  because  of  the  substantial 
reduction  in  parasite  power  that  results  from  stowing  the  rotor. 
Empennage  and  tail  rotor  weight  fraction  increases  with  speed 
partly  because  of  the  increasing  main  rotor  power  and  torque. 

The  vibration  suppression  weight  fraction  increases  with  speed 
for  the  conventional  rotor  systems,  but  is  reduced  for  the  TRAC 
rotor  aircraft  because  of  the  beneficial  effects  of  diameter 
reduction  on  vibration,  as  discussed  in  Appendix  C. 

The  drive  system  (transmissions  and  shafting)  weight  fraction 
increases  substantially  with  increasing  design  cruise  speed, 
because  of  the  increase  in  installed  power.  The  main  rotor 
weight  curve  exhibits  a more  complex  shape:  the  pure  helicopter 
has  the  heaviest  rotor  weight  fraction  because  of  the  require- 
ment that  it  supply  all  of  the  lift  and  propulsive  force  in 
cruise.  The  helicopter  with  auxiliary  propulsion  benefits 
somewhat  from  the  reduction  in  propulsive  force  requirement, 
and  the  conventional  rotor  compound  helicopters  benefit  greatly 
by  the  unloading  of  rotor  lift  onto  a wing,  allowing  substanti- 
ally lower  blade  areas.  The  TRAC  rotor  compound  helicopters 
pay  a rotor  weight  penalty  for  the  diameter  change  capability, 
and  so  the  curve  turns  upward  again  at  the  higher  speeds.  The 
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rotor  weight  fraction  for  the  stewed  rotor  configuration  is 
still  higher , partly  because  of  the  blade  fold  system  require- 
ment and  partly  because  the  denominator  of  the  weight  fraction, 
the  gross  weight,  is  less  for  Configuration  6 than  for  Configura- 
tion 5. 

The  body  weight  fraction  is  relatively  constant,  except  for  the 
stowed  rotor,  for  which  increased  body  length  and  the  require- 
ment for  a stowage  compartment  adds  a significant  penalty.  The 
wing  weight  fraction  is  nonexistent  for  the  first  two  configura- 
tions (1  and  1A) , reasonably  constant  for  the  four  highest  speed 
aircraft,  and  about  one-half  that  value  for  Configuration  2 
because  of  its  smaller  wing.  The  weight  fraction  for  the  pro- 
peller or  fans  is  zero  for  the  pure  helicopter,  moderate  for 
the  pusher  prop  aircraft  (1A  and  2) , and  highest  for  the  com- 
pound helicopters  with  cruise  fans.  The  fan  weight  for  the 
stowed  rotor  is  reduced  by  the  relatively  lew  propulsive  force 
requirements  corresponding  to  the  lew  parasite  drag.  Finally, 
the  fuel  system  weight  is  directly  proportional  to  the  useable 
fuel  fraction. 

Additional  insight  into  the  point  design  aircraft  comparisons 
can  be  obtained  by  consideration  o * various  rotor  aerodynamic 
design  parameters,  presented  in  F.,.fure  61.  The  disc  loading 
variation  follows  the  pattern  previously  established  as  optimum, 
as  indicated  in  the  discussion  of  Figure  39.  The  blade  loading 
parameter,  C ?/a,  follows  the  assumptions  discussed  in  Appendix 
C.  Rotor  diameter  is  largest  for  the  pure  helicopter  because 
of  the  low  disc  loading,  and  smallest  for  the  three  TRAC  vehicles 
because  of  the  higher  disc  loading.  The  curves  for  rotor  solid- 
ity and  blade  area  follow  directly  from  the  disc  loading  and 
blade  loading  results,  and  the  number  of  blades  is  selected  on 
the  basis  of  the  required  blade  area  as  well  as  upper  and  lower 
constraints  placed  on  blade  aspect  ratio. 

The  rotor  tip  speed  and  advancing  blade  Mach  number  comparisons 

are  shown  in  Figure  62.  Although  the  assumed  tip  speed  in  hover 

is  the  same  for  all  vehicles,  the  tip  speed  in  cruise  decreases 
steadily  with  the  design  cruise  speed.  The  "full  rpm"  Configura- 
tions 1A  and  2 actually  operate  at  95  percent  rpm  to  minimize 
advancing  blade  Mach  number  which  exceeds  0.9.  The  reduced  tip 
speed  compounds.  Configurations  3,  4,  and  5,  operate  at  an  ad- 
vancing tip  Mach  number  of  slightly  below  0.9,  desirable  from 
an  efficiency  standpoint. 

Wing  area  and  cruise  wing  lift  are  also  shown  in  Figure  62.  In 

the  range  of  200  to  300  knots,  the  wing  lift  curve  follows  the 

pattern  of  wing  area  with  design  cruise  speed.  Ordinarily,  wing 
lift  per  unit  area  would  increase  with  the  square  of  the  speed, 
but  in  this  speed  range,  the  cruise  altitude  is  also  increasing 
with  speed.  Above  300  knots,  altitude  is  constant  so  that  wing 
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lift  per  unit  area  increases.  The  wing  area  required  for  the 
TRAC  stowed  rotor  follow  different  ground  rules,  as  discussed 
in  Appendix  C,  but  wing  loading  remains  similar  to  the  next 
lower  speed  aircraft. 


PERFORMANCE  SUMMARIES  FOR  POINT  DESIGN  AIRCRAFT 


Hover  Performance  Capability 


The  effect  of  altitude  on  out-of-ground  effect  (OGE)  hover  capa- 
bility is  shown  in  Figure  63  for  both  hot  day  and  standard  day 
conditions.  The  hot  day  temperatures  are  50°F  higher  than  for 
the  standard  atmosphere  at  all  altitudes;  at  4000  ft  the  tempera- 
ture is  95 °F.  At  design  gross  weight,  indicated  by  the  square 
symbols  for  each  configuration,  all  aircraft  can  hover  OGE  at 
above  4000  ft  on  a hot  day.  The  specification  called  for  500 
feet  per  minute  vertical  rate  of  climb  at  4000  ft  95°F;  thus 
hover  at  zero  rate  of  climb  is  possible  at  higher  altitudes. 

The  variation  of  hover  capability  (gross  weight  for  OGE  hover) 
with  altitude  varies  in  the  expected  manner.  For  the  hot  day 
conditions,  engine  power  available  limits  the  capability;  for 
the  standard  day,  engine  power  is  limiting  at  high  altitudes 
and  transmission  power  capacity  is  limiting  at  low  altitudes. 

For  the  standard  day,  the  configurations  with  low  blade  loadings 
(the  pure  helicopter  and  the  helicopter  plus  auxiliary  propul- 
sion, Configuration  1 and  1A) , can  hover  at  somewhat  higher 
altitudes  at  design  gross  weight  than  the  high-blade-loading 
aircraft.  At  lower  altitudes,  where  the  transmission  limit  is 
encountered,  the  improvement  in  lifting  capability  is  much  less 
for  these  two  aircraft  types  than  for  the  others.  This  behavior 
is  explained  by  the  fact  that  the  high  blade  loading  configura- 
tions are  operating  at  a Ct /o  below  the  optimum  value  (usually 
on  the  order  of  .09  or  .10)  for  maximum  hover  figure  of  merit. 

As  altitude  decreases,  the  blade  loading  gets  still  farther  from 
optimum.  Conversely,  the  high  blade  loading  aircraft  are  de- 
signed for  Ct/o  values  above  the  optimum  hover  value,  and  so 
improve  as  altitude  is  decreased. 


It  is  evident  from  Figure  63  that  substantial  increases  in 
payload  are  available  if  the  hover  requirement  are  relaxed  from 
the  4000  ft  95 °F  condition.  Assuming  that  mission  fuel  require- 
ments increase  directly  proportional  to  the  increase  in  gross 
weight,  the  payloads  available  for  sea  level  standard  hover 
conditions  were  calculated  and  are  presented  in  Figure  64.  The 
corresponding  increases  in  productivity  are  also  shown.  The 
increases  are  substantial;  from  80  percent  increase  for  the 
pure  helicopter  to  as  much  as  120  percent  increase  for  the  TRAC 
rotor  configurations.  The  increases  for  the  higher  speed  air- 
craft are  larger  than  for  the  slower  speed  aircraft  primarily 
because  the  baseline  payloads  are  smaller  fractions  of  the 
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gross  weight.  A constant  percentage  increase  in  lift  capa- 
bility increase  represents  a larger  actual  increase  of  payload. 

The  productivity  advantage  of  the  TRAC  rotor  aircraft  is  in- 
creased substantially  by  relaxed  hover  requirements.  The  pro- 
ductivity (payload  times  block  speed  divided  by  empty  weight) 
of  the  400-knot  stewed  TRAC  aircraft  more  than  doubles , from  84 
to  132  ton  knots  per  ton,  when  the  hover  requirement  is  sea 
level  standard  rather  than  4000  ft  95°P.  Relative  to  the  pure 
helicopter,  the  productivity  advantage  of  the  stowed  TRAC  air- 
craft increases  from  20  to  45  percent.  For  most  real  missions , 
the  hover  requirements  will  be  intermediate  to  the  two  condi- 
tions shown,  with  proportional  effects  on  payload  and  produc- 
tivity. 

Power  Required  Curves 

Power  required  curves  for  each  of  the  seven  point  design  air- 
craft are  presented  in  Figure  65,  for  three  altitudes  (standard 
day)  including  sea  level  and  the  design  cruise  altitude.  Also 
shown  are  power  available  curves  corresponding  to  95  percent 
of  Intermediate  Rated  Power  (IRP) , specified  as  the  limit  in 
hover,  and  for  Maximum  Continuous  Power  (MCP) , specified  as  the 
limit  in  cruise.  The  design  cruise  point  is  also  indicated  for 
each  aircraft.  For  all  configurations  except  the  pure  helicop- 
ter, the  power  required  curves  are  broken  into  low-speed  and 
high-speed  regimes.  The  reason  for  this  is  that  a transition 
regime  exists  at  medium  speeds  in  which  auxiliary  propulsion 
is  applied,  and,  for  some  configurations,  the  rotor  is  slowed 
or  stopped  and  stewed.  Because  there  are  many  possible  conver- 
sion techniques  which  influence  the  power  required,  no  attempt 
was  made  to  define  the  curves  in  the  intermediate  range.  It 
was  established,  however,  that  the  aircraft  have  adequate  power 
and  lift  capability  to  fly  through  the  transition  corridor. 

Also  indicated  in  Figure  65  are  rotor  stall  limiL-;  and  gust 
sensitivity  limits  where  applicable. 

Operating  Envelopes 

The  allowable  flight  speed/altitude  envelopes  of  the  seven  air- 
craft at  design  gross  weight  are  shown  in  Figure  66  for  both 
standard  day  and  hot  day  conditions.  The  maximum  speed  bounda- 
ries are  defined  by  available  power  limits  except  as  indicated 
for  rotor  stall  (the  two  wingless  aircraft)  and  gust  sensitivity 
as  defined  in  Appendix  C (the  two  slowed  rotor  compounds) . At 
very  low  speeds  the  pure  helicopter  has  somewhat  greater  alti- 
tude capability  than  the  other  aircraft,  but  at  speeds  higher 
than  approximately  100  knots  the  winged  aircraft  configurations 
are  all  superior. 
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The  three  TRAC  rotor  aircraft  have  much  larger  flight  envelopes 
than  the  lower  speed  aircraft.  The  pure  helicopter  and  the 
helicopter  plus  auxiliary  propulsion  have  the  smallest  overall 
envelopes,  although  the  helicopter  envelope  is  much  larger  than 
the  envelopes  of  most  current  helicopters  at  design  gross  weight. 
In  certain  mountainous  regions  of  the  world,  especially  where 
hot  weather  prevails,  the  speed  and  altitude  capability  provided 
by  the  compound  helicopter  configurations,  and  particularly  the 
TRAC  compound  and  TRAC  stowed  rotor,  could  prove  to  be  a distinct 
and  perhaps  decisive  advantage. 

The  gust  sensitivity  limits  as  defined  in  Appendix  C cut  the 
allowable  flight  speed  at  low  altitudes  for  the  two  slowed 
rotor  compounds.  These  limits  can  probably  be  ignored  in  good 
weather,  but  must  be  considered  for  all-weather  operation.  The 
allowable  speed  for  the  350-knot  design  slowed  TRAC  compound 
(Configuration  5)  is  cut  to  less  than  that  for  the  300-knot 
design  full  rpm  TRAC  compound  (Configuration  4)  at  low  altitudes. 
This  limit  could  be  alleviated  by  reverting  to  full  rpm  when 
operating  at  the  lower  altitudes;  speeds  at  least  as  high  as 
that  for  the  nominally  lower-speed  TRAC  compound  could  then  be 
allowed. 

Maneuver  Envelopes 

Speed/load  factor  diagrams  for  the  six  basic  configurations  are 
presented  in  Figure  67.  The  structural  design  load  factor  was 
2.5  g's  (3.75  g's  ultimate)  for  all  aircraft.  Curves  for  maneu- 
ver load  factor  capability  at  sea  level  and  the  design  cruise 
altitude  are  also  shown.  The  pure  helicopter  has  the  best  ma- 
neuver capability  at  low  speeds,  because  of  the  low  blade  load- 
ing employed,  but  drops  significantly  with  increasing  speed  and 
has  very  little  margin  above  1 g at  cruise.  The  winged  aircraft 
do  very  much  better;  they  can  all  outmaneuver  the  helicopter  at 
speeds  above  approximately  140  knots  at  sea  level,  and  this 
advantage  increases  with  altitude.  If  exceptionally  maneuverable 
aircraft  were  desired,  the  aerodynamic  capability  provided  by 
the  wing  could  be  fully  utilized  by  accepting  the  necessary 
penalty  in  airframe  structural  weight. 

Payload/Range  Characteristics 

A comparison  of  payload/range  characteristics  of  the  various 
point  design  aircraft,  at  their  respective  cruise  speeds  and 
altitudes,  is  shown  in  Figure  68.  Both  4000  ft  95°F  hover  con- 
ditions and  sea  level  standard  hover  (OGE)  are  shown.  The 
curves  for  the  4000  ft  95°F  condition  all  pass  through  the 
common  point  of  5000  pounds  payload  (design  value)  and  385  nauti- 
cal miles  (design  range  plus  10  percent  for  reserve  fuel) . For 
longer  ranges  auxiliary  tanks  are  assumed,  either  two  150-gallon 
units  for  a range  extension  of  200-300  nautical  miles,  or  two 
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350-gallon  tanks  for  still  greater  capability. 

At  the  4000  ft  95°F  condition,  the  175-knot  pure  helicopter  has 
the  lowest  consumed  fuel  for  the  design  mission  and  therefore 
the  least  payload  at  zero  range.  Conversely,  it  has  the  longest 
range  for  a given  auxiliary  tank  size.  Next  in  line  are  the 
400-knot  stowed  TRAC  rotor,  the  300-knot  full  rpm  TRAC  compound, 
and  the  250 -knot  slowed  conventional  rotor  compound. 

When  a sea  level  standard  hover  condition  is  available,  the  pay- 
loads  increase  substantially.  There  is  no  longer  a common  point 
because  the  payloads  at  the  design  range  increase  by  different 
values  for  the  various  configurations,  as  indicated  in  Figure  64. 
The  three  TRAC  rotor  aircraft  have  the  highest  payloads  for  a 
given  range  for  the  sea  level  standard  hover  condition. 

It  should  be  noted  that  the  range/payload  curves  are  based  on 
design  cruise  speed  and  not  the  speed  for  best  range.  All  of 
the  aircraft  can  achieve  significantly  longer  ranges  by  operat- 
ing at  less  than  design  cruise  speed. 


COST  COMPARISONS 

Aircraft  unit  acquisition  cost  and  unit  life-cycle  cost,  cal- 
culated in  accordance  with  the  methods  described  in  Appendix  A, 
are  shown  in  Figures  69  and  70.  These  costs  are  based  on  the 
assumption  of  a fleet  of  aircraft  capable  of  a specified  rate 
of  transporting  cargo;  the  number  of  aircraft  required  is  equiva- 
lent to  500  aircraft  with  a payload  of  5000  pounds  and  a cruise 
speed  of  300  knots.  An  85  percent  learning  curve  was  assumed 
for  the  decrease  in  unit  cost  with  increase  in  the  number  of 
aircraft  produced.  Costs  are  shown  in  1974  dollars.  Life-cycle 
costs  are  based  on  a utilization  of  800  flight  hours  per  year 
and  a service  life  of  15  years. 

As  anticipated,  the  aircraft  unit  costs,  both  acquisition  and 
life-cycle  costs,  are  higher  for  the  faster  aircraft,  partly 
because  of  the  higher  empty  weight,  greater  installed  power,  etc., 
and  partly  because  fewer  aircraft  are  built  so  that  there  is 
less  benefit  from  the  learning  curve.  However,  the  important 
cost  is  not  unit  cost  but  fleet  cost. 

Fleet  acquisition  costs  and  life-cycle  costs  are  shown  in  Figures 
71  and  72,  for  three  different  criteria  for  the  number  of  air- 
craft required.  The  middle  value  of  each  bar  is  consistent  with 
the  two  previous  figures;  i.e.,  the  payload  is  the  design  value 
of  5000  pounds  and  the  number  of  aircraft  is  inversely  propor- 
tional to  cruise  speed.  On  this  basis  all  three  TRAC  rotor  air- 
craft, because  of  the  fewer  number  required,  show  a fleet  life- 
cycle  cost  advantage  relative  to  all  of  the  conventional  rotor 
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aircraft.  The  stowed  TRAC  configuration  is  least  expensive  by 
a substantial  margin.  Fleet  acquisition  cost  is  also  slightly 
less  for  the  stowed  TRAC  aircraft  than  for  the  pure  helicopter. 

Basing  the  number  of  aircraft  on  cruise  speed , however,  is  not 
quite  as  realistic  as  using  block  speed  in  the  equation.  The 
tops  of  the  bars  in  Figures  71  and  72  show  costs  and  number  of 
aircraft  based  on  block  speed  rather  than  cruise  speed,  for  the 
same  5000-pound  payload.  The  benefits  of  a high  cruise  speed 
are  somewhat  diminished  by  this  criterion,  but  the  stowed  TRAC 
configuration  still  haa  the  lowest  fleet  life-cycle  costs. 

The  most  realistic  comparison  of  costs  is  believed  to  result 
when  the  number  of  aircraft  in  the  fleet  is  based  on  payload 
capability  for  typical  operating  conditions  rather  than  on  the 
design  payload  at  4000  ft  95®F  conditions.  The  payload  capac- 
ity for  a sea  level  standard  hover  is  substantially  higher , as 
shown  previously  in  Figure  64,  but  sea  level  standard  is  not  a 
typical  operating  condition,  either.  For  the  present  compari- 
sons a payload  capability  halfway  between  these  two  operating 
conditions,  i.e. , hover  out-of -ground-effect  at  2000  ft  77°F, 
is  assumed.  The  number  of  aircraft  required  and  fleet  life- 
cycle  costs  for  this  criterion  are  shown  by  the  lowest  level  on 
the  bars  in  Figures  71  and  72.  On  this  basis  the  stowed  TRAC 
rotor  aircraft  provides  the  lowest  fleet  acquisition  costs, 
followed  by  the  pure  helicopter,  with  the  other  configurations 
more  or  less  equal  at  a slightly  higher  level.  With  regard  to 
fleet  life-cycle  costs,  all  three  TRAC  rotor  aircraft  are  less 
expensive  than  any  of  the  conventional  rotor  configurations. 

The  400-knot  stowed  TRAC  life-cycle  costs  are  the  lowest,  being 
20  percent  lower  than  for  the  lowest-cost  conventional  rotor 
aircraft,  which  is  the  250-knot  slowed  rotor  compound,  and  21 
percent  lower  than  for  the  175-knot  pure  helicopter. 

Thus,  even  without  crediting  high  cruise  speed  with  special  ad- 
vantages that  can  derive  from  it,  such  as  increased  mission 
versatility  or  decreased  vulnerability,  the  TRAC  rotor  permits 
increases  in  transport  productivity  which  will  reduce  fleet 
life-cycle  costs.  There  are  certain  missions,  of  course,  for 
which  high  cruise  speeds  are  extremely  important.  For  example, 
high  speed  will  contribute  directly  to  the  value  of  an  aircraft 
in  a search-and-rescue  mission,  for  which  the  probability  of 
rescue  may  be  inversely  proportional  to  the  time  required  for 
the  rescue  aircraft  to  reach  the  scene. 

Even  for  missions  for  which  high  speed  or  productivity  are  of 
secondary  importance,  there  are  potential  advantages  to  be  gained 
from  the  TRAC  rotor.  The  Reference  1 model  test  results  indi- 
cated that  there  are  potential  aircraft  reliability  and  maintains 
bility  benefits  to  be  gained  from  the  reduced  blade  stresses  and 
reduced  vibration  levels  demonstrated.  The  tests  also  indicated 


75 


improved  ride  comfort  because  of  low  gust  sensitivity  and 
reduced  rotor  noise  levels  because  of  the  low  advancing  blade 
Mach  number  levels.  These  factors  all  contribute  to  the 
desirability  of  the  TRAC  rotor  relative  to  more  conventional 
rotor  systems. 


A two-phase  analytical  investigation  was  conducted  to  continue 
the  development  and  evaluation  of  the  variable-diameter  TRAC 
rotor  system.  The  first  phase  of  the  investigation  was  a pre- 
liminary design  of  a full-scale,  flightworthy  rotor  system 
suitable  for  subsequent  wind  tunnel  testing  in  the  NASA-Ames 
40-x  80-foot,  wind  tunnel  and  for  flight  testing  on  an  H-3  heli- 
copter or  the  NASA/Army  Rotor  Systems  Research  Aircraft  (RSRA) . 
The  second  phase  of  the  investigation  was  a comparative  para- 
metric analysis  to  evaluate  TRAC  rotor  compound  helicopter  and 
stowed  rotor  aircraft  concepts  relative  to  conventional-rotor 
pure  and  compound  helicopters . 

Conclusions  from  the  preliminary  design  phase  of  the  investiga- 
tion include  the  following  items : 

1.  The  preliminary  design  of  the  flightworthy  rotor  indi- 
cated no  serious  unresolved  problems.  Because  the 
basic  concept  remains  unchanged  from  the  design  success- 
fully demonstrated  with  a dynamically  scaled  model  test 
(Reference  1) , successful  full-scale  development  can  be 
anticipated. 

2.  The  selected  rotor  design  has  four  blades  and  a di- 
ameter of  56  feet  in  the  extended  condition;  chord  of 
the  outer  blade  is  28  inches;  blade  twist  (extended)  is 
-8  degrees.  This  rotor  has  a lifting  capability  in 
hover  at  4000  feet  95°P  conditions  well  in  excess  of 

20  ,000  pounds,  and  an  allowable  flight  speed  in  excess 
of  300  knots  with  the  rotor  at  minimum  diameter . Thus, 
the  design  is  particularly  well  suited  for  flight  test- 
ing on  the  RSRA  in  the  compound  helicopter  configura- 
tion. The  rotor  was  also  designed  for  in-flight  stop- 
ping and  fore-and-aft  blade  folding  at  150  knots  to 
demonstrate  application  to  the  stowed  rotor  configura- 
tion. This  capability  could  be  demonstrated  both  in 
the  NASA  Ames  40-x  80-foot  wind  tunnel  and  on  the  RSRA. 

3.  The  blade  design  provides  a fully  redundant  structure 
for  the  main  centrifugal  load  path,  so  that  the  blade 
is  potentially  " fail-safe".  In  addition  to  a redundant 
strap  capable  of  carrying  full  ultimate  load,  down  the 
center  of  the  jackscrew,  a BIM  type  pressurization  sys- 
tem is  incorporated  to  monitor  the  jackscrew  structural 
integrity  at  all  times.  The  multiple  nuts  and  tension- 
torsion  straps  are  capable  of  carrying  full  ultimate 
load  after  failure  of  some  of  the  members.  Additional 
fail-safe  features  are  also  incorporated  in  the  blade 
design. 
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4.  The  diameter  change  mechanism  and  diameter  measurement 
system  are  similar  to  those  previously  demonstrated  in 
model  tests,  except  that  a locking  device  and  safety 
stop  system  were  incorporated  to  prevent  the  possibility 
of  inadvertent  diameter  changes  or  blade  overtravel  in 
case  the  normal  diameter-control  system  malfunctions. 

In  case  a fatigue  crack  should  develop  in  a blade  jack- 
screw,  a pressure-actuated  switch  in  th  BIM  system  will 
prevent  actuation  of  the  diameter  change  clutches. 

5.  The  rotor  head  configuration  is  of  conventional  articu- 
lated design  except  for  the  incorporation  of  some  of  the 
diameter-change  components.  The  hinge  and  blade  reten- 
tion system  incorporates  a number  of  standard  bearings 
from  production  helicopter  designs.  The  lag  hinge  is 
also  utilized  as  a blade  fold  hinge;  no  special  fold 
hinge  is  required.  A design  concept  for  an  integrated 
lag  damper/fold  actuator  was  developed. 

6.  A number  of  outer  blade  spar  structural  concepts  were 
evaluated  and  sample  lengths  were  fabricated  for  some 
of  the  concepts.  The  preferred  spar  design  employs  a 
filament-wound  graphite/epoxy  structure,  fabricated  over 
a shaped  mandrel  for  precise  control  over  internal  di- 
mensions. This  spar  concept  has  the  desired  combination 
of  high  stiffness,  low  weight,  and  ease  of  fabrication. 

7.  At  full  rpra,  the  rotor  will  change  diameter  from  100  to 
60  percent,  or  the  reverse,  in  36  seconds.  Ho  blade 
flapping  response  will  result  from  initiation  of  a dia- 
meter reduction,  a problem  noted  in  the  Reference  1 
model  tests  and  traced  to  the  applied  jackserew  torque 
reacting  against  the  blade  torque  tube,  resulting  in  a 
slight  blade  twist.  The  present  design  avoids  this 
twisting  effect  by  incorporation  of  a secondary,  inter- 
nal torque  tube  (nut  reaction  tube)  which  transmits  the 
torque  directly  back  to  the  rotor  head. 

8.  Aeroelastic  analysis  of  the  selected  blade  design  indi- 
cates that  flight  in  the  compound  helicopter  mode  up  to 
300  knots  at  sea  level  and  up  to  360  knots  at  altitude 
can  be  achieved  without  exceeding  allowable  blade  com- 
ponent vibratory  stress  limits.  The  analysis  also 
shows  that  lower  stresses  result  from  moderate  positive 
rotor  lift  conditions  at  high  flight  speeds  than  from 
zero  rotor  lift  conditions. 

9.  Calculated  main  rotor  group  weight,  including  the  di- 
ameter change  and  power  blade  fold  mechanisms,  in  2696 
pounds.  A lighter  blade  spar  was  investigated  which 
would  permit  reduction  of  rotor  weight  to  2489  pounds 
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for  a 1980  IOC  design.  These  figures  are  16  percent 
and  7 percent  heavier  than  for  an  H-3  main  rotor  with 
power  blade  fold,  with  equivalent  blade  area  and  lifting 
capability.  The  weight  penalty  for  the  TRAC  rotor, 
relative  to  conventional  rotors  at  comparable  technology 
levels,  is  estimated  to  be  in  the  range  of  15  to  25  per- 
cent, depending  on  the  application. 

The  parametric  mission  analysis  phase  of  the  investigation  in- 
cluded comparison  of  TRAC  rotor  aircraft  (compound  helicopters 
with  either  full  or  slowed  rpra  and  stowed  rotor  aircraft)  with 
conventional  rotor  aircraft  (pure  helicopter  and  compound  heli- 
copter with  either  full  or  slowed  rpra) . Conclusions  from  this 
phase  include  the  following: 

10.  The  TRAC  rotor  aircraft  provide  distinct  performance, 
operating  envelope,  and  fleet  life-cycle  cost  benefits 
over  conventional  rotor  aircraft.  The  400-knot  stowed 
TRAC  rotor  aircraft  shows  the  greatest  potential  for 
high  productivity  and  low  fleet  costs,  followed  by  the 
300-knot  full  rpm  TRAC  compound  helicopter.  These 
benefits  are  in  addition  to  special  advantages  that  can 
derive  from  high  cruise  speed,  such  as  increased  mis- 
sion versatility  or  reduced  vulnerability. 


11.  None  of  the  concepts  investigated  show  any  large  pro- 
ductivity or  cost  benefits  over  the  175-knot  pure  heli- 
copter for  design  speeds  less  than  250  knots.  The  con- 
ventional rotor  compound  helicopters  have  at  beet  only 
marginal  productivity  or  costs  benefits  compared  to  the 
pure  helicopter,  because  the  increased  block  speeds 
that  they  provide  do  not  generally  compensate  for  the 
additional  weight  of  wings  and  auxiliary  propulsion 
systems.  The  TRAC  rotor  permits  significantly  higher 
cruise  speeds  with  relatively  little  additional  weight, 
resulting  in  improved  productivity. 


12.  Although  the  TRAC  rotor  is  heavier  than  a conventional 
rotor  of  equivalent  lifting  capability  and  requires  a 
slightly  larger  wing,  most  of  the  empty  weight  penalty 
is  compensated  by  reductions  in  engine  and  drive  system 
weight,  vibration  suppression  weight,  and  fuel  system 
weight.  Mission  fuel  weight  is  reduced  significantly 
because  of  substantially  lower  rotor  drag. 

13.  Optimum  rotor  disc  loading  increases  with  increasing 
design  cruise  speed.  The  rate  of  increase  is  highest 
for  the  high  cruise  tip  speed  aircraft,  lower  for 
reduced  tip  speed  compound  helicopters,  and  lowest  for 
the  stowed  rotor  configuration. 


14.  The  optimum  cruise  speed  for  the  pure  helicopter  was 
175  knots.  This  is  higher  than  for  some  previous 
studies  because  of  the  low  parasite  drag  assumed. 

Above  175  knots,  the  pure  helicopter  rapidly  becomes 
uncompetitive  with  the  other  configurations. 

15.  The  helicopter  plus  auxiliary  propulsion,  investigated 
briefly,  shows  a small  but  distinct  performance  improve- 
ment over  the  pure  helicopter  at  its  optimum  speed  for 
190  knots. 

16.  The  full-rpm  compound  helicopter  has  a small  region  of 
application  around  200  knots,  but  rapidly  becomes 
unattractive  at  higher  speeds  because  of  excessive  rotor 
drag  caused  by  high  advancing  blade  Mach  numbers.  It 
should  be  noted  that  evaluation  of  this  configuration 
at  hot  day  (95°F)  conditions  indicated  favorable  charac- 
teristics up  to  a design  cruise  speed  of  225  knots , 
whereas  for  the  more  typical  standard  day  conditions, 
the  weights  become  unacceptable  at  225  knots,  because 

of  the  difference  in  Mach  numbers  corresponding  to  the 
temperature  difference.  It  was  concluded  that  standard 
day  cruise  mode  conditions  should  be  used  for  more 
realistic  comparisons  between  configurations. 

17.  The  slowed  conventional  rotor  compound  helicopter  has 
an  optimum  cruise  speed  on  the  order  of  250  knots.  At 
this  or  higher  speeds,  it  was  not  possible  to  design 
for  the  aerodynaraically  optimum  operating  conditions  of 
altitude  and  tip  speed  because  of  rotor  gust  response 
limitations.  Even  when  the  gust  criteria  are  satisfied 
at  design  cruise  speed  and  altitude,  it  is  necessary  to 
restrict  operating  conditions  at  low  altitudes  to  avoid 
violating  the  criteria. 

18.  The  TRAC  rotor  allows  increasing  the  cruise  speeds  of 
the  compound  helicopter  configuration  up  to  350  knots. 
The  low  tip  speed  that  results  automatically  from  re- 
ducing the  diameter  reduces  blade  Mach  numbers  and  rotor 
drag,  and  the  low  blade  Lock  number  that  results  from 
telescoping  the  blades  alleviates  the  gust  response 
problem.  The  TRAC  compound  is  superior  to  the  conven- 
tional rotor  compound  at  all  speeds  above  250  knots. 
Above  300  knots,  additional  tip  speed  reduction  by 
slewing  the  rotor  rpm  shows  modest  additional  benefits 
to  performance  and  weights,  but  at  the  expense  of  a 
reduced  operating  envelope  at  low  altitudes  because  of 
the  gust  criteria, 

19.  The  stowed  TRAC  rotor  configuration  has  the  most  attrac- 
tive performance  over  the  range  of  300  to  400  knots. 
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and  achieves  higher  productivities  than  any  other  con- 
figuration investigated*  Design  cruise  speeds  above 
400  knots  were  not  investigated  but  there  is  no  apparent 
limitation  that  would  prevent  higher  speeds. 

20.  Despite  the  higher  cruise  speeds,  the  fuel  consumption 
of  the  TRAC  rotor  aircraft  is  comparable  in  magnitude 
to  that  of  the  lower  speed  aircraft  configurations.  A 
TRAC  compound  helicopter  designed  for  a cruise  speed  of 
250  knots,  or  a stowed  TRAC  rotor  aircraft  designed  for 
300  knots,  will  have  lower  consumed  fuel  for  the  base- 
line mission  than  the  r7]>-knot  pure  helicopter,  despite 
higher  gross  weights.  This  results  from  substantially 
superior  overall  aircraft  lift-drag  ratios  for  the  TRAC 
rotor  aircraft  configurations. 

21.  Comparative  performance  results  obtained  for  the  base- 
line mission  of  5000  pounds  payload  and  350  nautical 
miles  range  were  generally  confirmed  for  design  payloads 
from  2000  to  10,000  pounds  and  for  design  ranges  from 
200  to  500  nautical  miles. 

22.  All  aircraft,  designed  to  hover  out  of  ground  effect  at 
4000  feet  95°P,  have  substantially  higher  payloads  and 
productivities  if  allowed  to  operate  at  less  stringent 
ambient  conditions.  The  increases  allowed  by  a sea 
level  standard  hover  out  of  ground  effect  ranges  from 
80  percent  for  the  pure  helicopter  to  as  much  as  120 
percent  for  th  ~ TRAC  rotor  aircraft. 

23.  The  pure  helicopter  investigated  has  a better  speed/ 
altitude  operating  envelope  and  better  maneuver  capa- 
bility than  most  existing  helicopters  because  of  its 
relatively  low  blade  loading.  Despi -e  this,  the  winged 
aircraft  configurations  exceed  the  capabilities  of  the 
helicopter  by  substantial  margins  except  at  low  speeds. 
The  winged  aircraft  can  all  outmaneuver  the  pure  heli- 
copter at  speeds  above  approximately  140  knots  at  sea 
level,  and  this  advantage  increases  with  altitude.  The 
winged  aircraft  can  also  operate  at  higher  altitudes  at 
speeds  above  approximately  100  knots.  The  TRAC  rotor 
aircraft  have  better  speed/altitude  operating  envelopes 
than  any  of  the  conventional  rotor  aircraft. 

24.  Despite  higher  gross  weights,  the  TRAC  rotor  aircraft 
have  smaller  diameter  rotors  than  the  pure  helicopter 
because  of  the  difference  in  optimum  design  disc  load- 
ing. All  of  the  aircraft  studied  for  the  specified 
mission  are  of  comparable  overall  size. 
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25.  Two  configurations  were  examined  for  the  stowed  TRAC 
rotor  aircraft.  One  version  utilizes  an  extensible 
main  rotor  shaft  to  retract  the  rotor  head  and  blades 
after  stopping  and  folding,  and  the  other  version  en- 
closes the  rotor  by  means  of  a dual-position  upper 
fuselage  fairing.  Neither  version  requires  displace- 
ment of  the  transmission. 

26.  Relative  aircraft  unit  costs  tend  to  follow  relative 
weights,  with  the  pure  helicopter  being  the  least 
expensive  because  it  is  the  lightest.  Fleet  costs, 
however,  follow  a different  trend  because  fewer  high- 
speed aircraft  than  low-speed  aircraft  are  required 
for  a given  fleet  transport  capability.  Fleet  life- 
cycle  costs  show  the  benefit  to  a greater  extent  than 
acquisition  costs.  For  typical  operating  conditions, 
the  TRAC  rotor  aircraft  investigated  all  have  lower 
life-cycle  costs  than  the  conventional  rotor  aircraft. 
The  400 -knot  stowed  TRAC  rotor  aircraft  has  the  lowest 
fleet  life-cycle  costs,  20  percent  below  the  best  of 
the  conventional  rotor  aircraft. 

27.  There  are  certain  missions,  e.g.,  search -and -rescue , 
for  which  the  high  cruise  speeds  made  possible  with 
the  TRAC  rotor  will  contribute  directly  to  mission 
success.  Even  for  missions  where  speed  and  productiv- 
ity are  of  secondary  importance,  there  are  potential 
reliability  and  maintainability  benefits  resulting 
from  reduced  blade  stresses  and  vibration  levels , and 
reduced  gust  sensitivity  and  reduced  noise  levels  from 
the  reduced  blade  area  and  tip  speed  in  cruise.  These 
factors  all  contribute  to  the  desirability  of  the  TRAC 
rotor  relative  to  more  conventional  rotor  systems. 
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TABLE  1.  COMPARISON  OF  TRAC  ROTOR  AERODYNAMIC 
PARAMETERS  WITH  OTHER  ROTOR  SYSTEMS 


TRAC  ROTOR 
PRELIM. DESICN 

■ill 

YUH-60A 

(UTTAS) 

Diameter  (2R),  ft 

56 

(fully  extend- 
ed) 

62 

56 

53 

Disk  area  (jt  Rz),  ft 

2463 

3019 

2463 

2206 

Number  of  blades  (b) 

4 

5 

4 

4 

Blade  twist,  deg 

-8 

(fully  extend- 
ed) 

-8 

-8 

-16 

Mean  blade  chord  (c),  ft 

2.14 

1.52 

1.37 

1.73 

Blade  aspect  ratio  (-—) 

13.1 

20.4 

20.5 

15.3 

be 

Solidity  fjr R) 

.0972 

.0780 

.0621 

.0831 

— 2 

Effective  blade  area  (bcR),  ft 

237.4 

235.7 

153.1 

183.3 

Typical  Rotor  Lift  (L) , lb 

21,000 

21,000 

13,000 

16,000 

Disk  Loading  lb/ft^ 

8.5 

7.0 

5.3 

7.3 

L 2 

Blade  Loading  (55^)1  lb/ ft 

87.7 

89.1 

84.9 

87.3 

NorraaL  Tip  Speed  (Hr),  ft/sec 

660 

660 

649 

730 

2 2 

C /<r  “ LArR  a <J2R)  <7 
T ~ 

(a)  Sea  Level  Standard 

.0847 

.0861 

.0848 

.0689 

(b)  4000  ft  95°F 

.1048 

.1065 

.1049 

.0852 

TABLE  2.  PHYSICAL  PROPERTIES  OF  TRAC  OUTER  BLADE  CONCEPTS. 


Includes  spar,  l.E.  counterweights,  trailing  edge  fairings, 
abrasion  strips,  etc.  Nunbers  apply  to  constant  cross  section  region. 


TABLE  3.  MASS  PROPERTIES  USED  IN  AEROELASTIC  ANALYSIS 


Radial 

El 

EX 

(I/O 

■ 

Station 

XX 

£ 

yy 

yy 

Feet 

xlO'6 

(i/c) 

xlO-6 

(BE.) 

BT1» 

item 

(Blade 

Extended) 

w 

(lb/in.) 

( 1‘o-in. 

XX. 

( in.3) 

(lb-in.2) 

(in.3) 

m 

Sleeve/ 

1.06  - 2.25 

9.00 

500 

12.0 

500  _ 

12.0 

hOO 

.050 

Spindle 

Torque „ 

2.25  - 2.75 

1.930 

100 

5.0 

iiOO 

8.0 

100 

.020 

Tube 

2.75  - 3.5 

0.870 

60 

3.85 

300 

6.1.3 

50 

.010 

3.5  - 15.25 

0.h52 

51.7 

3.32 

21.6 

5.27 

lt6.5 

.0073 

15.25  - 16.33 

0.950 

60 

3.85 

1.00 

6. ho 

50 

.015 

Outer 

lh  - 15 

1.150 

235 

5Ji0 

2000 

25.6 

110 

.11.0 

Blade 

15  - 16 

0.812 

215 

8.60 

1800 

23.0 

100 

.100 

16  - 27 

0.650 

195 

7.80 

1630 

20.9 

98.6 

.081 

2/  - 27.62 

0.812 

215 

8.60 

1800 

23.0 

100 

.100 

27.62  - 26 

2.00 

250 

10.00 

2000 

25.6 

110 

.200 

Jackscrew 

2.25  - 2.5 

1.50 

20.0 

0.725 

20.0 

0.725 

16.0 

.0015 

2.5  - 15.5 

O.I119 

5.3!t 

0.235 

5.31* 

0.235 

035 

.coot 

liut/Strap 

lh  - 15 

0.92 

10 

O.lt 

15 

0.3 

8 

.0012 

15  - 27.62 

0.16 

- 

- 

- 

- 

“ 

100#  Dial) 

80#  Di am 

60%  Diam 

Mass  Moment 

2 

of  Inertia  about  Flapping  Hinge,  Slug  ft. 

2373 

1661 

935 

First  Mass  Moment  about  Flapping  Hinge,  Slug  ft 

138.5 

123.3 

90.8 

Materials:  Torque  Tube 

Outer  Blade 
Jackscrew 


Aluminum,  E ~ 10x10^  psi 

Graphite/Epoxy,  E = 11,2x10^,  G = 2x10^  psi 
Mar aging  Steel,  E = 27x10^  psi 


‘‘For  torque  tube,  W , EIxj(,  and  (l/C)xx  include  contribution  from  nut 
reaction  tube.  Other  parameters  neglect  nut  reaction  tube. 


Blade  twist  = -8  degrees  (Fully  Extended),  Delta-three  angle  30  degrees 


TABLE  5.  UNIT  WEIGHTS  SUMMARY 
AND  HINGE 

- BLADE, 

RETENTION , 

| Blade 

Outer  Blade  Assembly 

122.5  lb 

Spar  and  L.E.  Counterweights 

86.5 

Trailing  Edge  Pocket 

22.3 

Bearing  Blocks 

3.1* 

Tip  Block  and  Misc. 

10.3 

Torque  Tube  Assembly 

92.6 

Outer  Torque  Tube  and  Cuff 

60.9 

Nut  Reaction  Tube 

25.3 

Bearing  Blocks 

6.1* 

Jackscrew  Assembly 

81*. 9 

Jackscrew 

58.1 

Redundant  Strap 

26.8 

Nut/Strap  Assembly 

37.1 

Nut  Package  (6) 

10.1* 

Tension-Torsion  Straps  (12) 

26.7 

Total  Blade 

337.1 

Hinge  and  Blade  Retention 

Main  Spindle 

lit. 7 

Jackscrew  Retention  Spindle 

3.5 

Yoke 

31*. 7 

Pitch  Horn 

8.6 

Blade  Attachment  Hardware 

1.3 

Flapping  Lock 

8.0 

Blade  Pitch  Bearing  System 

22.1* 

Jackscrew  Retention  Bearing  System 

10.5 

Flapping  Bearing  System 

21.5 

Total  Hinge  and  Retention 

125.2  lb 

Total  Flapping  Mass 


H62.3  lb 


TABLE  6.  OVERALL  ROTOR  SYSTEM  WEIGHTS  SUMMARY 


TRAC  Rotor 

Present  Preliminary  Design 

TRAC  Rotor 
1980  IOC 

Material 

Weight 

% Saving 

Weight 

Blades  - 

Outer  blade  assy.  - 

Spar  (b) 

Graphite/Epoxy 

3b6.0 

n.o 

30b.  8 

Pocket  (10 

89.2 

11.9 

78.6 

Bearing  blocks  (8) 

13.6 

13.6 

Mi  sc. 

1*1.2 

- 

bl.2 

Torque  tube  assy.  - 

Outer  torque  tube  (b) 

Aluminum 

2b3 .6 

- 

2b3.6 

Nut  reaction  tube  (l() 

Steel 

101.2 

10.6 

90.5 

Eearing  blocks  (8) 

25.6 

- 

25.6 

Jackscrev  assy.  - 

Jackscrev  (b) 

Steel 

232.  b 

10.6 

207.8 

Redundant  strap  (bl 

Steel 

107.2 

10.6 

95.8 

Tension  - torsion  straps 

(b8) 

Steel 

106.8 

10.6 

95.5 

Nut  package  (2b) 

bl.6 

10.6 

37.2 

Total  - Blades 

13b8.b 

8.5 

123b. 2 

Diameter  Change  Mechanism 

Shafts 

Steel 

93.2 

ib.b 

79.8 

Gears 

Steel 

51.2 

10.6 

b5.8 

Housings 

Aluminum 

bb.9 

30.0 

31.lt 

Bearings 

15.7 

10.6 

lb  .0 

Brakes 

Steel 

108.3 

18.8 

87.9 

Mi  sc. 

17.0 

- 

r.o 

Total  - Diam.  Change  Mech. 

330.2 

16.5 

275.9 

Rotor  Head  - 

■r 

Hub 

Ti 

170.9 

wm 

163.7 

Hinge  & blade  retention  - 

Flap 

Ti  Comp 

381.0 

365.0 

Lead-Lag 

Ti  Comp 

167.7 

b.2 

160.7 

Pitch 

Ti  Comp 

162.8 

b.2 

175.1 

Blade  attach. 

5.2 

“ 

5.2 

Blade  fold 

109.3 

- 

109.3 

Total  Rotor  Head 

1016.9 

3.7 

979.0 

Total  Rotor  Group  Weight 

2695.6 

7.7 

21*89.3 

9 


i 
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TABLE  8.  COMPUTER  PRINTOUT  SUMMARY  FOR  POINT  DESIGN 

AIRCRAFT  - CONFIGURATION  1 - PURE  HELICOPTER  - 
DESIGN  CRUISE  SPEED  175  KNOTS 


OES-IGh  * 1 1B  IEUICS 


GENERAL 

HAJM  ROTOR 

TAIL  ROTOR/fAN 

DC  MG..  C.W.IIM 

1 

radius  trn 

31.03 

radios  trn 

6.89 

iMLOAO  (ID) 

sonc. 

CHOPD  IFI) 

2.2  36 

CHORD  ITT) 

.919 

•EIGHT  Empty  tic) 

11260. 

no. or  BLADES 

4,0 

HO. Or  BLADES 

*1.0 

*u£i  iLc  I 

2*3*. 

ROTOR  SOLIDITY 

• 0891 

ROTOR  SIOTY/AF 

.2577 

itOVf  R POwrp  |$hP  ) 

2362. 

TIP  SPEED  fFPS> 

730.0 

IIP  SPEED  tFPSl 

700.0 

lOVfR  • CLIN*  HP 

25S8  • 

ASPECT  RATIO 

16.293 

ASPECT  PATIO 

6.961 

MAIN  ROTOR  DESIGN  HP 

2151. 

CT/SIGhA 

• 0680 

CT/SIGHA 

.1223 

IAIL  RCIOR  CAM  IOCG ) 

.CO 

MAIN  ROTOR  LIFT 

19223.1 

TAIL  ROTOR  LIU 

.0 

M.R.niSt  LOAONGIPSr) 

6. CO 

FIGURC  Or  N£RIT 

.7251 

riGURE  OF  MERIT 

6685 

rtIN  G.d.  DESIGN  HP 

2962. 

BLADE  ARE At  SO  .F  T ) 

285.6 

blaoc  ar:a<so.m> 

19.3 

SUMMARY  WEIGHT  STATEMENT 

CROUP 

OUGHT 

* GW 

MAIN  ROTOR  GROUP 

2896. 

15.07 

-INC  GROUP 

0. 

.00 

TAIL  GROUP 

INI  * 

1,77 

TAIL  ROTOR/FAN 

131. 

.60 

TAIL  SURFACES 

210. 

1.09 

BODY  GROUP 

1566. 

8.15 

ALIGHTING  GEAR 

S6S. 

2.96 

FLIGHT  CONTROLS 

S9J. 

3.08 

FNGINE  SECTION 

336. 

.71 

PROPULSION  GROUP 

3156. 

16.61 

ENGINES 

69?  . 

3.63 

AIR  INDUCTION 

19. 

.10 

EXHAUST  SYSTEM 

12. 

.06 

LUBRICATING  SYSTEM 

0. 

.00 

FUEL  SYSTEM 

670. 

2.45 

ENGINE  CONTROLS 

19. 

• 10 

STARTING  SYSTEM 

69. 

.26 

AUXILIARY  PROPULSION  PROPELLERS 

0. 

.00 

DRIVE  SYSTEM 

1888. 

9.82 

AUXILIARY  POWER  UNIT 

193. 

1.00 

INSTRUMENTS 

183. 

76  5 

MYORAULKS 

02. 

• 63 

ELECTRICAL  GROUP 

306. 

1.S9 

AVIONICS 

325. 

1.69 

armament  croup 

0. 

.00 

FURNISHINGS 

392. 

2.06 

A|R  CONDITIONING  AND  ANTI ‘ICC 

04* 

.44 

AUXILIARY  GCAR 

59. 

• 31 

VIBRATION  SUPPRESSION 

269. 

1.60 

TECHNOLOGY  SAVINGS 

0. 

• 00 

CONTINGENCY 

113. 

• 59 

WEIGHT  EMPTY 

11260. 

58.37 

FIXED  USEFUL  10A0 

525. 

2.73 

PILOT 

235. 

CO-PHOT 

235. 

OIL-ENGINE 

30. 

-TRAPPTD 

10. 

FUEL  TRAPPED 

15. 

MISSION  COUlPMrNT 

0. 

OTHER  F1IL  . 

c. 

PAYLOAD 

5000. 

26.01 

Fl*tl  -USABLE 

2639. 

12.69 

GROSS  WEIGHT 

19223. 
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TABLE  8 - 

Continued 

s 

ELECTED  DESIGN  PARAMETERS 

HINGE  GFFSLT  {f  T ) 

- 

1.5329 

HINGE  LENGTH  TFT)  : 

1.5201 

“AIN  ROTOR  BLADE  TWJST(DEG) 

Z 

-IV. ODOO 

MAIN  ROTOR  DESIGN  HP  = 

2151.196 

MAIN  ROTOR  RPti 

z 

216.290 

MAIN  ROTOR  DESIGN  AOV.ftATIO: 

.52668 

“AIN  ROTOR  SHAFT  LEN6TH(1N) 

z 

63.071 

TAIL  ROTOR  SHAFT  LENGTHII»J)  = 

19.665 

TAIL  ORIVE  SHAFT  LENGTH(IN) 

z 

952.921 

HAX.TR  SUSTAINED  THRUST(LB): 

2225.15 

TAIL  ROTOR  RPM 

z 

1367.95 

HR?  LOCK  NUMBER  : 

8.3)63 

H0RI70NTAL  TAIL  AREAl SQ.FT) 

z 

SC.0S895 

VERTICAL  TAIL  AREA  (SO. FT)  = 

38. 791D1 

DEMON  HOV.  ANT1-TOROUE  HP 

2 

?S5  • £62 

HOV. ANTI -TORQUE  MOMT (F T -LB ) - 

59395. 

RfQ.YAW  ACCEL. (KAD/SEC/SEC) 

z 

. 71593 

MAX.SUST.YAW  MOMENT ( FT -LB ) = 

83097. 

VERTICAL  DRAG 

z 

.033193 

FUSELAGE  WETTED  AREA(SO.FT): 

609 .9811 

ENGINE  SCALE  FACTOR 

z 

.92769 

WING  AREA  (SQ.FT)  : 

.roooc 

CR:‘ ISE  PROPULSOR  SHAFT  HP 

z 

• COD 

TOTAL  INSTALLED  POWER  (HP)  = 

3617.210 

PROPIILSOR  RPH 

z 

.000 

PROPULSOR  DIAMETER  (FT)  : 

. 00000 

MAIN  GEARBOX  INPUT  RPM 

z 

20767.08 

ENGINE  OUTPUT  RPM  : 

20767.08 

DESIGN  HOVER  SHAFT  HP 

z 

2S58. 171 

ALTERNATE  HOVER  SHAFT  HP  : 

2558.171 

ECU1V.SLS  DESIGN  HOVER  HP 

z 

3617.210 

EQU I V . SL  S ALTERNATE  HOV. HP  : 

3617.210 

DESIGN  HOVER  LAPST  RATE 

z 

• 7C722 

ALTERNATE  HOVER  LAPSE  RATE  : 

.70722 

HOV. OVERALL  HE CH .EFT IC I E NC Y 

z 

.890892 

HOVER  FIXED  LOSSES  (HP)  : 

1C0.0C00 

OES. DYNAMIC  PRE  SS  (LB / SQ.FT  ) 

z 

10U.C000 

ACTUAL  CRUISE  SPEED  (KTS)  : 

179.9756 

DESIGN  CRUISE  HP 

z 

2239.818 

DESIGN  CRUISE  ROTOR  HP  : 

2081.023 

EvUIV.SLS  STATIC  HP-CRUISE 

z 

2959.916 

CRUISE  LAPSE  RATE  : 

.75672 

CRUISE  FIXED  LOSSES  (HP) 

z 

100. 0000 

OES. CRUISE  PROP.THRUST(LB)  : 

.CO 

CRUISE  TIP  SPEED  (FPS) 

z 

730.000 

OESIGN  CRUISE  AOV. RATIO  : 

.90508 

DES. CRUISE  WING  LIFT(LP) 

1 

.00 

PARASITE  DRAG  (SQ.FT)  : 

16.371 

ULTIMATE  LOAD  FACTOR 

r 

3.7500 

HEAD  MOHT. CONST. (FT-LB/DEG): 

9956.3 

1'L  ANFOPM  HOR.TML  (SO. FT) 

z 

25.0295 

PLANFORM  VCR. TAIL  (SQ.FT): 

38.7910 

H*.  CANT  ANGLE  -(DEG) 

z 

.CO 

MAIN  ROTOR  ASPECT  RATIO  : 

19.2927 

NUMBER  OF  ROTORS 

z 

1 . 

MAINROTOR  SOLIDITY  : 

.08908 

MAIN  ROTOR  RADIUS 

r 

31.9396 

MAIN  ROTOR  CHORD  r 

2.23932 

MAIN  ROTOR  TIPSPCED 

z 

73L.no 

NUMBER  OF  MAIN  ROTOR  BLADCS: 

ROTOR  BLADE  CUTOUT/R 

z 

,20000 

HR  BLADE  TAPER  RATIO  : 

1.000 

MAIN  ROTOR  LIT!  ILH 

z 

19223.06 

NUMBER  OF  TAIL  ROTOR  BLADES: 

9. 

TAIL  ROTOR  RADIUS  (FTi 

z 

9.6883 

TAIL  ROTOR  CHORD  (FT)  : 

.9893 

TAIL  ROTOR  ASPECT  RATIO 

T 

9,99119 

TAIL  ROTOR  SOL  I PI T Y/AC  .TAC . : 

.25768 

PERCENT  POnER, ANTI-TORQUE 

z 

10.7925 

TAIL  ROTOR  FM , ANT I -TOROUE  : 

.6685 

L HP. ANTI-TORQUE, GIVtN  TR 

z 

.0000 

TR  CT/SIO  RATIO, ANT I-TORQUE: 

.1223 

TR  CT/S1G, MAX. CONT, THRUST 

z 

• O&GOO 

IR  OL,MAX.CON.THR(LP/SQ.FT): 

29.6909 

TR  FM, MAX. CONT. THRUST 

z 

.66850 

AVAILABLE  TR  AN TI -TOROUE  HP: 

256.09 

TR  AH-TORO. MOMENT (FT-LH) 

z 

59395.03 

TAIL  ROTOR  TIPSPEED  (FPS)  : 

700.00 

MAIN  GEARBOX  OESIGN  HP 

2991,90 

TR  HP, MAX. CONT. THRUST  = 

686.23 

TABLE  8 - Concluded 


MISSION  ANALYSIS 


I CGW  = 

19223. 

1 LBS., 

ROTOR  RADIUS: 

31.93  FT. 

, PARASITE  DRAG'.  16. 

,*  SQ.FT. 

MOOT 

GR.WT 

<LbS> 

TEMP 

C0EG.F1 

ALT 

(FT) 

OPTN 

(70/EPM  ) 

SPfrD 

(KTS) 

V5.TALL 

(KTS) 

[)1ST 

(N.MX) 

time 

(KIN) 

FL.AR. 

(SQ.FT) 

SKP 

FUEL 

<L6S» 

SfC  WARNG 

•ARMUP 

19166. 

59 . 

0. 

_ _ 

__ 

8.0 

_ _ 

615.9 

73.7 

• 85*7 

HOVER 

19131. 

59  • 

0. 

1000.000 

- 

- 

2.0 

22*9.6 

36.7 

•*667 

CLlHt 

19070. 

50. 

2SC0. 

1000.00 

120.0 

182.3 

10.0 

s.o 

16.37 

2070.3 

6*  .2 

.*6*6 

LRU  ISC 

16S35. 

*1. 

5000. 

.00 

175.0 

177.2 

16S.0 

56.6 

16.37 

2212.3 

960.3 

.**76 

CRUISE 

17562. 

*1. 

scoo. 

.00 

175.0 

110.2 

I6S.C 

66.6 

16.37 

2173.6 

966.* 

***1 

OESCnT 

170S9. 

SO. 

2500. 

-10C0. 00 

120.0 

167,1 

10.0 

S.O 

16.37 

679.1 

*5.1 

.759* 

HOVER 

17020. 

S9. 

0. 

1000.000 

- 

- 

- 

2.0 

— 

1975.7 

33.5 

• *8  52 

RESERVE 

FUEL ( 10. 

tl=  222 

.0  LBS  < 

TOTAL  MISSION  FUEL  IS 
IOTAL  MISSION  TIME  IS 

2**2. 0 
135.1 

LBS. 

MINS 

Lire  CYCLE  COSI  SUMMARY 


DEVELOPMENT  COST  PER  AIRCRAFT 
PROTOTYPE  COST  PER  PRODUCTION  AIRCRAFT 
RECURRING  PRODUCTION  COST 
GFE  AVIONICS 
ENGINE  COST 
(FLYAWAY  COST  I 
INITIAL  SPARES 
GROUND  SUPPORT  EQUIPMENT 
INIT. TRAINING  AND  TRAVEL 
ACQUISITION  COST 

FLIGHT  CREW 
FUEL  ♦ OIL 

REPLENISHMENT  SPARES 
OBC«D/S«G/S-HA!NT 
DEPOT  MAINTENANCE 
RECURRING  TRAINING 
MAINTENANCE  OF  GSC 
OPERATING  COST 


*•57200. 
*01269. 
1369587 . 
513592, 
5051*0. 
293992. 
30562. 


LIFE  CYCLE  COSI 


PRODUCTIVITY 


FLEE  I LIFE  CYCLE  COST 


**79096*96 


TABLE  9.  COMPUTER  PRINTOUT  SUMMARY  FOR 
\ AIRCRAFT  - CONFIGURATION'  LA  - 

i AUXILIARY  PROPULSION,  DESIGN 

190  KNOTS 

POINT  DESIGN 
HELICOPTER  PLUS 
CRUISE  SPEED 

DESIGN  ATTRIBUTES 

GENERAL 

NAIU^ROTOP 

TAIL 

ROTOR/FAN 

01  SIGN  G.W.ILF.I  21*29. 

Radius  (rn 

29.20 

RAOIUS  (FT) 

*.73 

I'AYLOAO  «lb)  $000. 

CHORD  (FT) 

1.993 

CHORD  (FT) 

.763 

•EIGHT  irPTY  (Lfl)  1 2<« S 2* 

NO. OF  BLAOFS 

S.O 

NO. OF  BLAOES 

6.0 

fUCl  U.o)  3393. 

ROTOR  SOL  10! !Y 

.108* 

ROTOR  SIOTY/AF 

• 3080 

MOVER  POWER  ISHPl  3093. 

TIP  SPEEO  tft> S) 

730.0 

IIP  SPEED 

(TPS) 

700.0 

HOVER  « C11M8  HP  32*6. 

ASPECT  RATIO 

19.699 

ASPECT  RATIO 

6.20? 

MAIN  ROTOR  DESIGN  HP  2729. 

CT/SIGHA 

• 07S0 

CT/S1GNA 

• 129* 

TAIL  R010R  CAST  ( 0 C G ) .00 

MAIN  ROTOR  LIFT 

21*29.* 

TAIL  ROTOR 

Lin 

.0 

K.R.OISC  LOAOINGIPSM  9.10 

FIGURE-  OF  MERIT 

.7362 

FIGURE  OF 

merit 

6393 

PAIN  G.B.  DESIGN  HP  3779. 

RLAOE  ARFAISO.m 

290.3 

BLAOE  AREAISQ.FT  ) 

21.7 

— 

SUMMARY  WEIGHT  STATEMENT 

GROUP 

WEIGHT 

t Gw 

MAIN  ROTOR  GROUP 

2907. 

13.56 

-TNG  GROUP 

0. 

.00 

TAIL  GROUr 

36$. 

1.70 

TAIL  POTOR/rAN 

1*9. 

.69 

TAIL  SURFACES 

217. 

I. 01 

BODY  GROUP 

1S6*. 

7.30 

ALIGHIING  GEAR 

617. 

2.98 

FLIGHT  CONTROLS 

6*7. 

3.02 

ENGINE  SECTION 

169. 

• 71 

PPOPULSION  GROUP 

*10*. 

19.  IS 

ENGINES 

831. 

3 • 9d 

AIR  INDUCTION 

23. 

.11 

EXHAUST  SYSTEM 

1*. 

• 07 

LUBRICATING  SYSTEM 

0. 

.00 

FUEL  SYSTEM 

672. 

3.1* 

ENGINE  CONTROLS 

23. 

.11 

STARTING  SYSTEM 

61. 

.29 

AUXILIARY  PROPULSION 

PROPELLERS 

*09.. 

1.91 

ORIVC  SYSIFH 

2071. 

9.66 

AUXIl IAOY  POWER  UNIT 

193. 

.90 

INStRUMFNTS 

103. 

• 8S 

HYORAULICS 

8«T. 

• *1 

electrical  GROUP 

310. 

l.«S 

AVIONICS 

32$. 

1.52 

armament  group 

0. 

.00 

FDPHl SHlNGS 

*2*. 

S.98 

AIR  CONDITIONING  AND  ANT 

-ICE 

126. 

• S9 

AUXILIARY  GEAR 

S9« 

• 28 

VIBRATION  SUPPRESSION 

209. 

.97 

TECHNOLOGY  SAVINGS 

0. 

• 00 

CONTINGENCY 

12*. 

• 59 

WEIGH!  EMPTY 

12*12. 

S7.92 

< 

FIXEO  USEFUL  LCAO 

$2$. 

?•*$ 

PHOT 

235. 

CO-PILOT 

* 

23$. 

OIL-ENGINE 

30. 

-TRAPPEO 

10. 

FUEL  TRAPPEO 

IS. 

MISSION  EQUIPMENT 

0. 

OIHTR  FUL. 

0. 

PAYLOAD 

scoo. 

23.33 

FUEL-USABLE 

3*93. 

16.30 

GROSS  WEIGHT 

21*29. 

95 


L 


a 


% 


1 


i 


A 


-j 

I 


t*  ■ «a  it  ae 


TABLE  9 - Continued 


selected  OE6IGN  parameters 


HJNOE  OFFSET  (FTJ  : 
HA  IK  ROTOR  BLADE  TWIST (DLG): 
MAIN  ROTOR  RPM.  : 
MAIN  ROTOR  SHAFT  LENGTH ( I N ) A 
TAIL  ORIVE  SHAFT  LENGT H ( IN  ) : 
TAIL  ROTOR  RPH  : 
HORIZONTAL  TAIL  ARCA(SC.FT): 
DESIGN  HOV.  ANT  I -TOROUr  HP  : 
REC.YAU  ACCEL. IPAO/SEO/SEC ) = 
VERTICAL  DRAG  : 
ENGINE  SCALE  FACTOR  : 
CRUISE  PROPULSOfi  SHAFT  HP  : 
PROPUL  SOR  RPM  : 
MAIN  GEARBOX  INPUT  RPH  : 
DE'IGN  HOVER  ShAfT  HP  : 
EOU1V.SLS  DESIGN  HOVER  HP  : 
DESIGN  HOVtR  LAPSE  RATE  : 
HOV. OVERALL  ME CM. EFFICIENCY: 
OES.OYNAHIC  PRESSIL6/SC.FT): 
DESIGN  CRUISE  hP  : 
EOU1V.SLS  STATIC  HP-CRUISE  = 
CRUISE  FIXE!  LOSSES  (HP)  : 
CRUISE  TIP  SPEED  (FPS)  : 
DES. CRUISE  kING  LIFTILG)  : 
ULTIMATE  LOAT  FACTOR  S 
PLANFOPM  HOR.TAIL  (SO. FT): 
TAIL  CANT  ANGLE  (DEG)  : 
NIIMEEP  OF  ROTORS  : 
MAIN  ROTOP  RADIUS  : 
MAIN  ROTOR  TIPSPEEC  : 
ROTOR  BLADE  CUTOUT/R  r 
MAIN  ROTOR  LIFT  (Lb)  : 
TAIL  ROTOR  RADIUS  (FT)  r 
TAIL  ROTOR  ASPECT  RATIO  : 
PERCENT  POWER, ANTI-TJROUE  : 
A HP, ANTI-TOROUE, GIVEN  TR  : 
IR  CT/SIG.HAX. CONI. THRUST  : 
IR  rM, MAX. CC’lT, THRUST  : 
TR  AN-TORO. MOMENT (FT-LP ) = 
MAIN  GEARBOX  OLSIGN  HP  : 


1.4016 
-12.0UP0 
238.771 
57.670 
417. 35J 
1 (:  1 2 • ° 3 
34 . 15912 
390.685 
.69149 
.039641 
1.19127 
2120.891 
1809.3«2 
18324.22 
3285.712 
4645.94Q 
.707’2 
.630661 
104.4398 
3660.192 
4635.917 
ICC. 0000 
694.000 
.00 
3. 7500 
1 7 .0796 
.00 
1. 

29.2002 

730.P0 


HINGE  LENGTH  (FT)  : 
MAIN  ROTOR  DESIGN  IIP  = 
MAIN  ROTOR  DESIGN  ADV. RATIO: 
TAIL  ROTOR  SHAFT  LENGTH! IN) : 
MAX.TR  SUSTAINED  THRUST(LP): 
MRP.  LOCK  NUMBER  ? 
VERTICAL  TAIL  AREA  (SO.rT)  : 
HCV.ANT1 -TOROUE  KOMT ( T T -LB ) : 
MAX.SUST.YAW  MOMENT  ( F T -L  B ) : 
FUSELAGE  WETTED  APEA(SO.FT)- 
WING  AREA  (SO.rT)  : 
TOTAL  INSTALLED  POWER  (HP)  : 
PROPULSOR  DIAMETER  (FT)  = 
ENGINE  OUTPUT  RPM  : 
ALTERNATE  HOVER  SHATT  HP  : 
EOUIV.SLS  ALTERNATE  HOV. HP  : 
ALTERNATE  HOVER  LAPSE  RATE  : 
HOVER  F’XED  LOSSES  (HP)  : 
ACTUAL  CRUISE  SPEED  (KTS)  : 
CESIGN  CRUISE  ROTOR  HP  : 
CRUISE  LAPSE  PATE  : 
DCS. CRUISE  PROP. THRUST (LB)  : 
DESIGN  CRUISE  ADV. RATIO  : 
PARASITE  DRAG  (SO. FT)  : 
HEAD  MOMT. CONST. (FT-I.B/DEG): 
PLANFORM  VER  .TAIL  (SO. FT): 
MAIN  ROTOR  ASPECT  RATIO  : 
MAINROTOR  SOLIDITY  : 
MAIN  ROTOR  CHORD  : 
NUMBER  OF  HAIN  ROTOP  BLADES: 


. 2CCD0  HR  BLADT  TAPER  RATIO  : 

21429.41  NUMBER  OF  TAIL  ROTOR  BLADES: 
4.7310  TAIL  ROTOR  CHORD  (FT)  : 

6.20178  TAIL  ROTOR  SOL  I DI T Y/ AC . FAC. : 
12.6742  TAIL  ROTOR  FH , ANT  I -TOROUE  : 
.CGOO  TR  CT/SIG  RATIO. ANTI-TOROUE: 
. 39CD0  TR  01. , HA  X. CON. T HR  (LB/SO. FT): 
.63929  AVAILABLE  TR  ANTI-TOROUE  HP: 
63G47.50  TAIL  ROTOR  TIPSPEFO  (EPS)  = 
3776.57  TR  HP , MA X . CONT . THRUST  : 


1.3899 
2 729.3)3 
.57182 
14,193 
2636.40 
7.6059 
37.P9832 
63047. 
90645. 
601.4811 
.00000 
4645.940 
9.SOOOC 
18324.22 
3285.712 
4645.939 
.70722 
100.0000 
190.0000 
1395.074 
.76952 
2992.06 
.46268 

15.425 

4010.8 

37.8983 

14.6864 

.10837 

1.98824 

5. 

1.000 
6 • 
.7628 
.30795 
.6393 
.1294 
37.4941 
389.90 
700.00 
1352.42 


1 


TABLE  9 - Concluded 


MISSION  ANALYSIS 


TOCMS 

21h?«.h 

LBS.  i 

, ROTOR  RADIUS: 

29.20  n. 

, PARASITE  DRAG:  IS. 

,«  SO. FT. 

MODI 

OP.WT 

ILbS) 

TEMP 
(OCG.f > 

ALI 

(Ml 

OPIN 

(7R/fPM  > 

SPEED 

UTS) 

VST  ALL 
UTS ) 

OIST 
IN. HI) 

TIME 

ININ) 

TL.AR. 
ISO. FT) 

SMP 

ruEL 
ILBS ) 

iff. 

• ARMuP 

21362. 

59  . 

0. 

_ _ 

m m 

__ 

6.0 

__ 

791.0 

9H.7 

• 6547 

HOVER 

41311. 

59. 

0. 

1090.000 

~ 

-- 

- 

2.0 

- 

2650.1 

46.7 

.4  6*5 

CLIMB 

21236. 

53. 

rsca. 

1000.00 

120.0 

»«•** 

10.0 

5.0 

15. Hj 

2H99.3 

103. h 

• H7  28 

CRUISE 

20h6  7. 

Hi. 

5000. 

.00 

190.0 

16S.0 

52.1 

1S.H3 

3616.5 

1H2H.7 

• H 3 16 

CRUISE 

1 90  S3. 

Hi. 

5CC9. 

.00 

190.0 

165.0 

52.1 

1S.HJ 

3556.6 

1H03.2 

.4326 

OESCM 

16327. 

50. 

2500. 

-1C0C.00 

120.0 

10.3 

5.0 

1 S.H  J 

928.6 

59.5 

.7327 

MOVER 

16277. 

59. 

0. 

1000.000 

-- 

— 

— 

2.0 

-- 

236S.3 

H 1 . 1 

• H970 

RESERVE  ruUUO.SU  317.3  IDS. 


IOIAL  MISSION  roct  IS  3H90.8  LOS. 

10TAL  MISSION  IIMC  IS  126.2  MINS 


LIFE  CYCLE  COST  SUMMARY 

OOLIARS 

OCVELOPMENT  C0S1  PER  AlRCRArT 

80751. 

PPOTOTYPC  COST  PIP  PRODUCTION  tlPCNPTT 

26936. 

RECURRING  PRODUCTION  COST 

969137. 

ere  avionics 

100000. 

ENGINE  COST 

187335. 

IUYAVAY  COST) 

(1256471. 

) 

INITIAL  SPARES 

hoi  503 • 

GROUNO  SUPPORT  COUIPmCNT 

75388. 

INIT. TRAINING  AND  TRAVEL 

56681. 

ACQUISITION  COST 

1790243. 

FLIGHT  CREW 

HS7200. 

rUEL  ♦ OIL 

7060H3. 

REPLENISHMENT  SPARES 

1498364, 

0RG«0/S«G/S  MAI  NT 

5S3727. 

DEPOT  MAINTENANCE 

554233. 

RECURRING  TRAINING 

299420. 

maintenance  or  gse 

33239. 

OPERATING  COST 

4102246. 

LIFE  CYCLE  COST 

6000175* 

PRODUCTIVITY 

•03627 

FLEET  Lire  CYCLE  COST 


J 


97 


? 

ho 

'/ 


{* 


v 

( 

), 

i 

/ 


r- 


i 

i 
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? 
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TABLE  10.  COMPUTER  PRINTOUT  SUMMARY  FOR  POINT  DESIGN 
AIRCRAFT  - CONFIGURATION  2 - CONVENTIONAL 
COMPOUND  HELICOPTER  - FULL  RPM,  DESIGN 
CRUISE  SPEED  200  KNOTS 

Ot SIGN  A 1 TRIBUTES 

GENERAL 

MAIN  ROTOR 

TAIL 

potor/fam 

OCtlGu  G.W.ILG)  21666. 

RADIUS  iri 1 

26.26 

radius  tm 

5.19 

I'AYIOAD  (Ibl  5000. 

CHORD  (FT) 

1.799 

CHORD  (FT) 

.868 

.CIGMl  LHPlr  (LH  1 2578 . 

NO. OF  BLAOES 

9.0 

NO. or  BLAOES 

6.0 

IU1  IL.il  JJ65. 

ROTOR  SOLIDITY 

.0870 

ROTOR  SLOT Y/AF 

*3197- 

MO V C R POi.fR  1 IMP ) 3983. 

TIP  SPCLO  IFPST 

730.0 

TIP  SPEfD 

(TPS) 

700.0 

i.O VC R ♦ CLIMB  IIP  9193. 

ASPECT  RATIO 

19.692 

ASPECT  RATIO 

5.973 

MAIN  ROTOR  DESIGN  HP  3508. 

CT/SIGMA 

.1200 

CT/SIGMA 

.1206 

fill  ROIOR  CANT (DEC ) .00 

MAIN  ROTOR  LIFT 

21666.1 

TAIL  ROTOR  LIFT 

• 0 

H.R.OISC  LOADI NG IPSF ) 10. JO 

FIGURC  OF  MERIT 

.6656 

FIGURE  OF 

merit 

6326 

MAIN  G.8.  DESIGN  HP  9822. 

BIAOC  ARIATSO.FT? 

188.9 

SLADE  AREA (SQ.FT) 

27.0 

SUMMARY  WEIGHT  S1ATCHCN? 

GROUP 

WEIGHT 

S GW 

MAIN  KO ICR  GROUP 

1751. 

8.08 

WING  GROUP 

965. 

2.15 

TAR  GROUP 

476. 

2.70 

TAIL  ROTOR/rAN 

188. 

.87 

TAIL  SURrACCS 

288. 

1.33 

BODY  GROUP 

1571. 

7.25 

ALIGHTING  GEAR 

622. 

2.87 

FLIGHI  CONTROLS 

724. 

3.39 

ENGINE  SECTION 

206. 

.os 

PROPULSION  GROUP 

9561. 

21.19 

ENGINES 

V8S. 

9.55 

AIR  INDUCTION 

28. 

.13 

EXHAUST  SYSTEM 

18. 

.08 

LUBRICATING  SYS TC H 

0. 

.00 

rurL  system 

687. 

3.W 

ENGINE  CONTROLS 

28. 

.13 

STARTING  SYSTEM 

75. 

.39 

AUXILIARY  PROPULSION 

PROPELLERS 

579. 

2.67 

DRIVE  SYSTEM 

2180. 

10.06 

AUXILIARY  POWER  UNIT 

193. 

.89 

INSTRUMENTS 

18  J- 

.M 

MYOPAULICS 

89. 

.91 

ELECTRICAL  GROUP 

310. 

l.*3 

AVIONICS 

325. 

1.50 

ARMAMENT  GROUP 

0. 

• 00 

FURNISHINGS 

929. 

1.96 

AIR  CONDITIONING  UO  ANTI-ICE 

I2^r 

*A*8 

AUXILIARY  GEAR 

59. 

.27 

VIBRATION  SUPPRESSION 

397. 

1 .60 

TECHNOLOGY  SAVINGS 

0. 

• 00 

CONTINGENCY 

126. 

• 58 

-riGHl  EMPTY 

12578. 

58.03 

riXEO  USEFUL  LOAD 

525. 

2.92 

PILOT 

235. 

CO-PILOT 

*35. 

OIL-ENGINE 

30. 

-TRAPPED 

10. 

fuel  trapped 

IS. 

MISSION  EOUIPMEN» 

0. 

OTHER  fUL. 

0. 

PAYLOAO 

LOGO. 

V»A*03 

rUCL-USADLC 

3563*. 

A6.45 

GROSS  WEIGHT 

21666. 

-h  -T-v- 
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TABLE 

10  - Continued 

SELECTED  DE 

SIGN  PAPAMETFRS 

H1NIE  or  FEET  .( r T ) 

- 

1 .2605 

HINGE  LENGTH  (FT)  = 

1 .2S00 

M * If.  RG10e  6LAOE  TWIST(OEG) 

I 

-12. cone 

MAIN  ROTOR  RESIGN  HP  : 

3507.660 

Milh  ROTOR  RPK 

I 

? b5 . 4 A 8 

MAIN  ROTOR  DESIGN  ADV. RATIO: 

.41671 

MAIN  ROTSP  SHAFT  LE  NOTH  1 1 N ) 

I 

51.566 

TAIL  ROTOR  SHAFT  LENGTH(IN'): 

15.556 

' TAIL  DRIVE  SHAFT  lENGIHUN) 

r 

386.793 

MAX.TR  SUSTAINED  THRUST(LB): 

3064.79 

TAIL  ROIOP  PPM 

z 

1289.12 

MRS  LOCK  HUMBFR  = 

8.U5C7 

FOR J 20NT  AL  TAIL  AOEA(SO.FT) 

z 

47.02951 

VERTICAL  TAIL  AREA  (SO. FT)  : 

48 . 7U6 1 8 

DESIGN  HOV.  ANTI-TOROUE  HP 

z 

SGI  .78.4 

KOV.ANTI-TOPOUE  HOHT(FT-LB): 

72372. 

RCC.YAW  ACCEL . (RAD/SLC/SEC I 

z 

. 69605 

HAX.SUST.YAW  MOMENT ( F T -Lb ) : 

97650. 

VERTICAL  DRAG 

r 

•L67843 

FUSCLAGL  WETTED  ARE  A ( SC.FT  ) : 

782.6719 

ENGINE  SCALE  FACTOR 

z 

1.52033 

WING  AREA  (SQ.FT)  : 

166.70766 

CRJISE  PROPULSOR  SHAFT  HP 

z 

2546.004 

TOTAL  INSTALLED  POWER  (HP)  : 

5929.268 

PROPIiL  SOR  RPH 

r 

1562. bl3 

PROPULSOR  DIAMETER  (FT)  : 

ll.POGOO 

KAI<  GEARBOX  INFL'T  RPH 

z 

1622U.41 

ENCINE  OUTPUT  RPH  : 

16270.41 

DESIGN  HOVER  SHAFT  HP 

r 

4193.310 

ALTERNATE  HOVER  SHAFT  HP  : 

4193. 31D 

rCJIV.SLS  DESIGN  HOVER  HP 

z 

5929. 26S 

E0U1V.SLS  ALTERNATE  HOV. HP  : 

5929.268 

DESIGN  HOVER  LAPSE  RATE 

z 

.70722 

ALTERNATE  HOVER  LAPSE  RATF  : 

.70722 

HOV. OVERALL  MECH. EFFICIENCY 

z 

.836489 

HOVER  FIXED  LOSSES  (HP)  : 

ICO. 0000 

DCS. DYNAMIC  PRESS  1 1 '.)/S0  . F T ) 

z 

115.7227 

ACTUAL  CRUISE  SPEFD  (KTS)  : 

200.0000 

DESIGN  CRUISE  HT 

z 

38C1.U66 

DESIGN  CRUISE  ROTOR  HP  : 

1114.907 

ECUIV.SLS  STATIC  HP-CRUISE 

z 

4789.976 

CRUISE  LAPSE  RATE  = 

.79355 

CRUISE  FIXED  LOSSES  (HP) 

z 

100. GOTO 

OES. CRUISE  PROP, THRUST (LB)  : 

33R9.75 

CRUISE  TIP  SPEEC  (EPS) 

z 

694. cno 

DESIGN  CRUISE  ADV. RATIO  : 

.48703 

DFS. CRUISE  RING  LIFT(Lr) 

z 

10144. 86 

PARASITE  DRAG  ISO. FT)  : 

15.377 

ULTIMATE  LOAD  FACTOR 

z 

3.75O0 

HEAD  MOP.T. CONST.  IFT-LB/DEG): 

2779.4 

PLANFORM  H OR • TAIL  (SO. FT) 

z 

23.5148 

PLANFORM  VER.TAIL  (SQ.FT): 

48.7062 

TAIL  CANI  ANGLE  (DEG) 

z 

.00 

MAIN  ROTOR  ASPECT  RATIO  : 

14 .64  16 

NOHEEP  OF  ROTORS 

z 

1 . 

MAIHROTOR  SOLIDITY  : 

.08696 

MAIN  ROTOR  RADIUS 

z 

26.2612 

MAIN  ROIOR  CHORD  : 

1.79360 

MAIN  ROTOR  T IPSPEEU 

z 

730.00 

NUMBER  OF  HAIN  ROTOR  BLADES: 

<4  . 

ROTOR  BLADE  CUTOUT/R 

z 

.20000 

MR  BLADE  TAPER  RATIO  : 

1.000 

MAIN  ROTOR  LIFT  (10) 

2 

21666.05 

NUMBER  OF  TAR  ROTOR  BLADES: 

6. 

I A I L ROTOR  RADIUS  (FT) 

z 

5.1653 

TAIL  ROTOR  CHORD  (FT)  : 

.8681 

TAIL  ROTOR  ASPECT  RATIO 

z 

5.97331 

TAIL  ROTOR  SOL  1 0 1 T Y / AC  .F AC . : 

.21973 

PCRCENT  PO»CR,AMI-TOROUE 

z 

12.5992 

TAIL  ROTOR  FM  , AN T I -TOPOUE  = 

.6326 

A HP, ANTI-TOROUE  ,GIVCN  TR 

z 

.0000- 

TR  CT/SIG  RATIO, ANTI-TOROUE: 

.1206 

TR  CT/SIG, MAX. CGNT. THRUST 

z 

.09000 

TR  DL,HAX.C0N.1HR(IB/S0.FT>: 

36.2827 

TR  f K, PAX, CONT . THRUST 

z 

.63258 

AVAILABLE  TR  ANTI-TOROUE  HP: 

501.09 

TR  .\N-TORO. MOMENT  (FT-Lb) 

z 

72872.17 

TAIL  ROTOR  T1PSPEED  (FPS)  : 

7C0.00 

MAIN  GEARBOX  DESIGN  HP 

" 

4322.31 

TR  HP, MAX. CONT. THRUST  : 

1164.25 

99 


. v.'i*I7<LLk>,  ‘3 


p 


l 

i < 

i 


; 


f 
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TABLE  10  - Concluded 


HUSION  ANALYSIS 


T 0 G W = 

21666. 

1 IBS. 

. ROTOR 

PAOIUSS 

26.26  FT 

••  PARASITE  DRAG:  IS, 

.9  SO. FI. 

HOOt 

GP.W 

(LOG) 

ICMP 

tOCG.F) 

ALT 

(FI) 

OPIN 

I7R/FPM  ) 

SPIED 

(MTS) 

VST  ALL 
(KTS ) 

DIST 
IN. MI ) 

TIME 

(MIN) 

TL.AR. 

iso.rn 

SHP 

FUEL 

(IRS) 

SFC 

•ARMt'P 

2lo06. 

59. 

•>. 



... 

.. 

6.0 

1009. 5 

120.6 

.8597 

tiOVCN 

21S 1 7. 

59. 

C. 

lOOC.OOJ 

- 

- 

- 

2.0 

— 

3326.1 

56.0 

• 48. .9 

CL1ML 

21956. 

SO. 

2500. 

2000.00 

1S0.C 

***** 

6.2 

2.S 

IS. 38 

3269.3 

67.1 

.9697 

CRUISE 

20676. 

91. 

SOOO. 

• 00 

20c. 0 

***** 

166.7 

SO. 6 

15.36 

3732.5 

1972.0^ 

• 94  52 

CRUISE 

19222. 

91. 

SOOO. 

.00 

20C.0 

168.7 

50.6 

15.36 

3643.9 

1443.6 

.4472 

OESC.M 

1A99U. 

SO. 

2SC0. 

-2000. CO 

ISO'.O 

6.2 

2.5 

15.36 

867.6 

33.6 

«67u6 

*>OVCR 

18999. 

59. 

0. 

1000.000 

- 

— 

— 

2.0 

-- 

261S.9 

46.0 

• 524S 

reserve  rucLiia.ti:  321.1  ns. 


I01AL  MISSION  PUCE  IS  JS65.S  COS'. 

IOTAI  MISSION  IJHC  IS  I1B.J  MINS 


urt  CYCEE  cost  SUMMARY 


OOUARS 


DEVELOPMENT  COSI  PrR  AIRCRAP I 
PROIOTYPI  COST  PER  PRODUCTION  AIRCRATT 
RECURRING  PRODUCTION  COST 

crt  avionics 
engine  cost 

(FLYAWAY  COST! 

INITIAL  spares 

GROUND  SUPPORT  COUIPMCNT 

INI! .TRAINING  AND  TRAVEL 

Acquisition  cost 

FLIGHT  CPC W 

fuel  ♦ OR 

REPLENISHMENT  SPARES 
0PG*0/S*6/S  HAINT 
0CP0T  MAINTENANCE 
RECURRING  TRAINING 
MAINTENANCE  OF  CSC 

operating  cos; 

UFC  CYCLE  COST 
PROOUCI I V 2 1 Y 
flcct  life  cycle  COSI 


990163. 

100000. 

227699. 

(1267962.) 

♦ 31 166  . 
7607?. 
5701$. 

1 

957200. 
769697. 
1516916. 
S59S02. 
561297. 
700201 . 

33629. 


6569*1. 

26611. 


9196937. 

61-49057. 

•03975 

9606692668. 


] 

1 

i 

i 

i 


TABLE  11.  COMPUTER  PRINTOUT  SUMMARY  FOR  POINT  DESIGN 
AIRCRAFT  - CONFIGURATION  3 - CONVENTIONAL 
COMPOUND  HELICOPTER  - SLOWED,  DESIGN  CRUISE 
SPEED  250  KNOTS 


DE5IGN  ATTRIBUTES 


GENERAL  MAIN  ROTOR  TAIL  POTOR/fAN 


OC SIGN  G.W.iU  ) 

246$4. 

radius  im 

29.53 

Radius  irn 

2.4S 

PAYLOAD  UP) 

SOPC. 

CHORD  iril 

1.011 

chord  irn 

•C 1GHI  EMPTY  <LBI 

16136. 

^No.or  biaoes 

4,u 

NO. or  BIAOES 

13.0 

full  llo) 

Wl. 

ROTOR  SOLIDITY 

*0761 

ROTOR  SLDTV/AE 

1220.0597 

MOVER  POWER  l$HP| 

4S7S. 

IIP  SPEED  j EPS  T 

730.0 

TIP  SPEEO  TFPS1 

700.0 

MOVER  • Cl  IMP  HP 

4824. 

ASPCCT  RATIO 

16. JOS 

aspect  patio 

MAIN  ROTOR  DESIGN  HP 

3849. 

CT/S1GMA 

• WOO 

CT/SI6HA 

.0000 

TAIL  ROTOR  CANIIOEG) 

.60 

MAIN  ROTOR  LIE! 

2965  S'. 3 

TAIL  ROTOR  LirT 

.0 

n.P. OISC  LOADlNGlPSfl 

9.00 

riGURC  or  MERIT 

.6530 

riGURC  or  MfRiT 

1.0726 

■•AIK  G.D.  DESIGN  HP 

SS  96. 

PLAOE  AREATSO.rn 

213.9 

SUMMARY  WEIGHT  STATEMENT 


GROi>P 

WEIGHT 

t GW 

"UN  BO  ICR  GROUP 

1976. 

8.02 

WING  GROUP 

906. 

3.67 

1AR  GROUP 

616. 

2.50 

TAIL  ROTOR /TAN 

266. 

1.96 

TAIL  SURFACES 

JSO. 

1.92 

FOOV  GROUP 

1973. 

6.02 

AIIGH1ING  GEAR 

690. 

2.60 

rilGM 1 CONTROLS 

609. 

3.28 

ENGINE  SECTION 

bSl. 

2.69 

PROPULSION  GROUP 

5893. 

23.90 

CNGINCS 

1087. 

9.91 

AIR  INDUCTION 

0. 

.00 

EXHAUST  SYSTEM 

20. 

.08 

LUBRICATING  SYSTEM 

0. 

.00 

ruCL  SYSTEM 

576. 

2.39 

ENGINE  CONTROLS 

33. 

.13 

STARTING  SYSTEM 

6S. 

• 35 

AUXILIARY  PROPULSION  PROPELLERS 

1306. 

5.31 

DRIVE  SYS  If M 

2789. 

11.29 

AUXILIARY  POWER  UNIT 

193. 

.78 

INSTRUMENTS 

163. 

.74 

HYDPAUL  ICS 

96* 

.39 

ELECTRICAL  GROUP 

939. 

1.76 

AVIONICS 

325. 

1.32 

ARMAMENT  GROUP 

0. 

.00 

TUPNISHINGS 

929. 

1.72 

AIR  CONDITIONING  ANO  ANTI-ICE 

126. 

• SI 

AUXIl IA©Y  GEAR 

59. 

• 24 

VIBRATION  SUPPRESSION 

616. 

2. SO 

TECHNOLOGY  SAVINGS 

C. 

• 00 

CONTINGENCY 

161. 

• 65 

WEIGHT  EMPTY 

16138. 

65.46 

rixco  USETUL  LOAD 

525. 

2*13 

PILOT 

235* 

CO-PILOT 

235. 

OIL-ENGINE 

30. 

-IRAPPCO 

10. 

ri»EL  ERAPPfO 

IS. 

MISSION  EQUIPMENT 

0. 

OTHER  rUL. 

0. 

PAYLOAO 

5000* 

20.26 

rUCL-USAbLl 

2991. 

12.13 

GROSS  WEIGHT 


2*6S4 


TABLE  11  - Continued 


SriECTFD  OE 

MCN  PARA  “PIERS 

hi.’,  r offset  « r i » 

- 

1.4765 

HINGE  LENC1H  (FT)  : 

1 .4026 

r.  rotor  biaol  i«>iT(ort) 

z 

-C .oGPC 

MAIM  ROTOR  DESIGN  : 

3P49.28? 

i..l\  r.oroH  fii’.”. 

Z 

211  .07  ? 

MAIN  ROTOR  DESIGN  AOV .RATIO- 

.41671 

“.‘If.  ROTOR  SHAFT  I.E'.GTH  III.) 

Z 

9$. i?0 

TAIL  ROTOR  SHAFT  IF’JCTHIINir 

7.350 

IMl  CUI  VC  SHAFT  LENGIIHIN) 

Z 

2c3.<j79 

MAX.TP  SUSTAINED  ThRUSTILP): 

246G.26 

UR  R0I0B  SPH 

z 

2728.92 

KFP  LOCK  NU“BFR  : 

7.6793 

HO  I COMAL  I A R AfitAISO.ri  ) 

Z 

67.19299 

veftical  tail  area  (so.rn  : 

53.45122 

os:  10'.  HOV.  ANII-TOPGDS  HP 

z 

7 7 8 • C'6  7 

HCV  .ANT  I -T0P6IIE  MOMT (FT-LE  I : 

8S641. 

Si-.YA,  ACU  l . C ACJ/SCC/SCC) 

Z 

,68667 

MAX.SUST.YAW  MOMENT (FT-LB)  : 

114759. 

vf  R 1 1 CAL  Ok  AC 

Z 

• ^ 66 

FUSELAGE  VI E T T F D ARtA(SG.FT): 

922.5864 

ENGINE  SCALt  FACTOR 

z 

1.74896 

WING  AREA  (SC. FT)  : 

252.99372 

C"  ISC  PROPt  L SCR  SHAFT  HP 

Z 

1779. 964 

TOTAL  INSTALLED  PORE’  (HP)  : 

682P.951 

PROF.XSOR  «PM 

z 

. :nc. 

PROPUI.SOR  DIAMETER  (FT)  : 

4.24209 

MAH.  GEARBOX  INPUT  RpM. 

9041.02 

ENG  I NF  OUTPUT  RPH  7 

19123.07 

DC’  I CM  HCVL  A SHAFT  IIP 

1 

4822.928 

ALIERNAIE  HOVFR  SHAFT  HP  r 

4823.928 

C O'  I V . S L S DESIGN  HOVER  HP 

I 

6920 . 9e 1 

EOUIV.SLS  ALIERNATE  HOV. HP  r 

6820.951 

oe:  ign  hover  i.ipsr  rate 

z 

, 7U722 

ALTFPNATE  HOVER  LAPSE  RATr  : 

.70722 

MOV  .OVERALL  MECD. EFFICIENCY 

z 

.797977 

HOVFR  FIXEC  LOSSES  (IIP)  7 

100.0000 

DEC. DYNAMIC  PRESS (15/SC. FT > 

z 

1*0.8167 

ACTUAL  CRUISE  SPEFC  (KTS)  : 

290 .0000 

oe::s..  ckcise  hi- 

z 

2965.562 

DESIGN  CRUISE  ROTOR  HP  T 

282.019 

E... IV. SIS  STATIC  HP-CROISe 

z 

-.56  3 • 7 A3 

CRUISE  LAPSE  RATE  : 

.71276 

CRUISE  FIXED  LOSSES  IHF  ) 

7 

l-.C.CQOC 

OCf-CPUISE  PROP. THRUST (LB)  : 

1842.29 

cp.iisr  tip  sri  fo  (fpsi 

z 

*25.i;OC 

OESIG.N  CRUISE  AOV. RATIO  : 

.80476 

0:  ..CRUISE  k 1 l.b  LIFT  IL-  1 

z 

209*4 . 74 

PARASITE  DRAG  ISO. FT)  = 

12.299 

.1  1 lHA  (E  LOAD  TACTCN 

z 

3.75rO 

HEAD  MCMI. CONST. (ET-LR/DEGir 

3321.1 

PL  A roPH  HE’S  .TAR  ISC  .n  1 

z 

32.597C 

PLANFORM  VfR.TAIl  (SC. FTC 

93.4512 

l/.Ii  CAN!  ANCLE  (DEC) 

z 

.00 

MAIN  ROTOR  ASPECT  RATIO  : 

16.3049 

\VMP‘  OF  SOTO  S 

l 

1 . 

MAINROIO-’  SOLIDITY  : 

.07809 

MAIN  ROIOR  RADIUS 

z 

?9.s:<ti 

MAIM  PC  T OP  CHORD  = 

1.81106 

MAIN  ROTOR  T1PSPEE0 

z 

7 ? u , rC 

NUMBER  OF  MATH  ROTOR  BLADES: 

4 . 

ROHR  BL APE  Ci  TOUT/9 

z 

.20000 

HR  BLADE  TAPER  RATIO  : 

1.000 

'•  IN  ROIOR  LIFT  (Lol 

z 

24654 . 33 

Nl.'“BLR  Or  TAIL  ROTOR  BLADES: 

13. 

TAIL  ROTOR  RADIOS  (FT) 

z 

2.4499 

TAIL  ROTOR  CHORD  ( r T i : 

p * « * 4 * ft  6 * 4 

TAR  ROTOR  ASPTCT  RATIO 

z 

4**#  + $i»»** 

TAIL  ROTOR  SOLIDITY/AC. FAC. R 

1220.05466 

PT"CFNT  PO* E P . ANT  I “TOROUE 

z 

1 7. 1086 

TAIL  ROTOR  FK , AN T I -TOROUE  = 

1 . G726 

HI-. ANTI-tOPOUf, GIVEN  TR 

z 

.0010 

TP  CT/SIG  PA1TC.ANI I-TOROUE: 

.0000 

IP  CT/SIG, MAX. CENT. THRUST 

z 

• OljCOG 

TR  DL .MAX .CON, THR (LD/SG.FT ) : 

131.5416 

TR  IK.PAX.CCNT. JHPUST 

z 

1 . F 7 2 64 

AVAILABLE  TR  ANTI -TOROUE  HP: 

778.07 

IR  AN-TORC.  moment  (FT-LBI 

z 

L-964G.  95 

TAIL  ROIOR  TIPSPEED  (FPS)  : 

700.00 

MAIN  GEARBOX  DESIGN  HP 

2 

9547.92 

TR  HP, MAX. CONT. THRUST  : 

1242.71 

TABLE  11  - Concluded 


IOC*; 

29639. 

3 IPS.. 

rotor  radius; 

29. *3  FT. 

. PARASITE  drag:  12. 

.3  SO. FT. 

M.OOf 

gr.ut 

(IDS  I 

ICMP 
(DLG.F ) 

ALT 

(FI) 

OPTN 

(?R/rpM  > 

sPiro 

(Kl$) 

VST  ALL 
(MTS) 

DIST 
( N • M I | 

T I Mt 
(HIM 

ri.AR. 

(SQ.FT) 

SM° 

run 

(IPS) 

Sri  UAPNG 

• ARKUP 

295.*$. 

$9. 

_ _ 

__ 

_ _ 

ft.P 

__ 

1161.3 

139.0 

.65  '? 

iiovr*. 

299K3. 

S9. 

0. 

1000. roo 

- 

-• 

- 

2.0 

- 

36S1.6 

69.7 

• 97«.6 

U IM(. 

2939J. 

91. 

scco. 

20C0.00 

X6C.0 

15.0 

s.o 

12.30 

2667.7 

119.2 

.50. .9 

.Ruise 

23711. 

23. 

1C00C. 

• GC 

2SC.0 

158.1 

38.0 

12.30 

3699.7 

1130.  S 

.93  11 

CR«i*SC 

2?  1*9 1 • 

23. 

IOCOC. 

•oc 

2S0.0 

1S6.1 

36.0 

12.30 

3610.9 

1 109.9 

• 9 3 *9 

orseM 

?2u«.2. 

91  . 

scou. 

>2000.00 

22s. c 

18.7 

S.O 

2 2.30 

1999.9 

99.1 

.56. .7 

MOV!  u 

71VL5. 

59. 

c. 

1000. DOO 

.. 

— 

-- 

2.0 

— 

3299. S 

S7.8 

.5093 

reserve  memo.**:  212.0  u»s. 


10m  mission  full  is 
10m  mission  time  is 


2991.7  IPS. 
97.9  MINS 


Lift  CYCLE  COST  SUMMARY 


DOLLARS 


DEVELOPMENT  COSI  PER  AIRCRAFT 
PROTOTYPE  COST  PER  PRODUCTION  AIRCRAFT 
RECURRING  PRODUCTION  COST 
ore  AVIONICS 
ENCINr  COST 
(FLYAWAY  COSH 

initial  SPAPrs 

GROUNO  SUPPORT  TOUIPMCN* 
INI!. TRAINING  AND  TRAVEL 
ACQUISITION  COST 

FLIGHT  CREW 
FUEL  ♦ OIL 

REPLENISHMENT  SPARES 
OQG*D/S«G/S  MAIN! 

DEPOT  MAINTENANCE 
RECURRING  TRAINING 
MAINTENANCE  OF  GSC 
OPERATING  COSI 


125290. 

9<>31S. 

1393525. 

1C000C. 

259709. 

(1796229.) 

5*9799. 

109899. 

59896. 

2*72763. 

957:00. 

760083. 

1919699. 
fctt 3519  • 

712993. 

316979. 

«U9S. 

9«07SS8. 


LITE  CYCLE  COS  I 


755987$. 


PRODUCTIVITY 


.03873 


ruci  lire  cycle  cos 


*532929669 


i 


TABLE  12.  COMPUTER  PRINTOUT  SUMMARY  'FOR  POINT  DESIGN 
AIRCRAFT  - CONFIGURATION  4 - TRAC  COMPOUND 
HELICOPTER  - FULL  RPM,  DESIGN  CRUISE  SPEED 
300  KNOTS 


OC-IGN  JIlRltUHl 


mi  RoiOR/rn 


OCSIGN  G.k.llli) 

2S969. 

RADIUS  IPT) 

29.97 

Radius  irn 

2.72 

1‘AYIOAC  ILL) 

scno. 

chopo  <ri> 

1.798 

chord  crn  «*• 

»C 1 GHl  tKPIV  < L b J 

1696S. 

no. or  blades 

s.c 

NO. or  BLADES 

13.0 

run  do) 

2975. 

ROTOR  SOLIDITY 

.1196 

ROTOR  SLOTV/Ar  Mil 

• 0612 

hover  powc;  ismpi 

61*2. 

TIP  SPEED  I7PS> 

7J0.0 

tip  spcro  <rpsi 

700.0 

mOVCR  ♦ CL  1*6  HP 

G*<  -2  . 

ASPCCI  RATIO 

13.869 

ASPECT  RATIO  *•* 

MAIN  POIOR  DC  SI GK  nr 

5166. 

CT/SIGHA 

.1200 

CI/SIGNA 

.noon 

MIL  «010f  CAM  IDE G > 

• >,C 

-AIN  ROTOR  L I r I 

25968.9 

-TAIL  ROTOP  LIFT 

.0 

-.ft. DISC  LCADIH&IPSr) 

13. CO 

figure  or  vr^ii 

.6117 

riGURf  or  HCftI!  i. 

0705 

'AIN  G.L . DESIGN  mP 

79rt9. 

eiAOC  A Rf  A 1 SO .f  T ) 

22<*.S 

BLADE  ARCAiSO.ri 

VflGHl  SI1ICHCRI 


GROUP 

WEIGHT 

X GW 

HA I N ROTOR  GROUP 

2916. 

9.99 

WING  GROUP 

1100. 

9.32 

TAR  GROUP 

775. 

J *09 

TAIL  ROTOR/rAN 

327. 

1.26 

TAIL  SURrACCS 

998. 

1.76 

LOOT  GROUP 

1922. 

7.55 

ALIGHTING  GEAR 

708. 

2.76 

riIGMl  CONTROLS 

699. 

3.31 

CNOINl  SECTION 

719. 

2.62 

PROPULSION  GROUP 

6366. 

25.07 

ENGINES 

1331. 

5.22 

AIR  INOUrMON 

0. 

.00 

r*MAUST  StSUH 

26. 

.10 

LUPPICATING  SYSTf- 

0. 

.00 

fuel  stSTfH 

079. 

2.25 

ENGINE  CONTROLS 

91. 

.16 

SIAPIING  SYSTEM 

109. 

.93 

AUYIUARY  PROPULSION  PROPELLERS 

1367; 

5.37 

DRIVE  SYSTEM 

2939. 

11.59 

AUXILIARY  POfcCR  UMT 

193. 

.76 

instruments 

193. 

. 76 

MYORAULICS 

96. 

.36 

ELECTRICAL  GROUP 

310. 

1,22 

AVIONICS 

325. 

1.26 

armament  group 

0. 

.00 

FURNISHINGS 

929. 

1.66 

AIN  CONDITIONING  ANO  AMI-ICE 

126. 

.99 

AOMl I A GEAR 

59. 

.23 

VIBRATION  SUPPRESSION 

196. 

.77 

technology  savings 

U. 

.00 

CONTINGENCY 

170. 

.67 

-EIGHT  Empty 

16965. 

66  .,61 

rixED  ustrui  LOAD 

525. 

2.06 

PILOT 

235. 

CO-PUOI 

2/5. 

:IL-CNG1NC 

10. 

-THAPPfO 

*0. 

riitl  TRAPPro 

15. 

MISSION  EOUIPHENT 

0. 

oiurR  rut . 

0. 

PAYLOAD 

sooo.. 

19.63 

fUEL-USABLC 

2979. 

11.70 

GROSS  HEIGHT 

25969. 
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TABLE  12  - Continued 


S1*  L(  C 1 C 0 OEMON  PARAMCirRS 


HJN.r  OFr-.LT  irn  7 1.2M06 
K'IN  PPIOH  bLAUr  TWIST  ( DC  G ) - -o.UOPO 
•'.'.II.  ROTOR  RPM  - 779.199 
MAIN  ROTOR  SHAT  I ECNoT H(I'i):  99.320 
TAlu  (VIVE  SHAFT  l E N ol II  ( I N ) i 329.690 
TAIL  RC  'OR  i.’PM  - 29  5S . 92 
HO  I .Tit.  T AL  TAIL  ARE  A ( SO  .T  T ) 7 7C.2219S 
DEMON  HOV.  ART  1 -TOROUf  HP  7 1P95.319 
R.  3 . Y Aw  ACCfl . (F  AT./SlC/«£C  ):  .691371 
Vf R 1 1 CAl  PRAf.  : .UF2Z97 
ENGINE  SC/tr  rACTOR  : 2.33576 
CR.ISf  PROPULSbR  SHATT  up  ; 2169. 965 
PROP.JLSOR  RPR  7 .PPG 
MAIN  GEARBOX  INPUT  RPR  - 9E0C.OO 
OE  , 1 Ctt  HOVER  Shaft  HP  a o992.97S 
ECU1V.SLS  DESIGN  HOVFR  *<p  ; 91J9.S99 
DESIGN  HOVLR  LAPSE  RATE  = .7G7?2 
HOV. OVERALL  KCCH. EFFICIENCY!  .802225 
DES. DYNAMIC  PRESSILO/SO.FTTA  200.3761 
DESIGN  CRUISE  HP  : 9536. SH 
10UIV.SLS  STATIC  HP-CRUlSE  7 b687.ail 
CRUISE  FIXED  LOSSES  (HP)  : nc.OCPO 
CRUISE  TIP  SPELT  (FPS)  : «)5.0P0 
OES.CRUI'E  LING  LIFT  (Lr  ) : 2995C.I6 
ULTIMATE  LOAD  FACTOR  i 3 .7500 
PLANFORH  HOP. TAIL  (S0.ri)7  35.11P7 
nil  CAN!  ANGLE  TOED ! 7 .PC 
NUMhf R OF  ROTORS  7 1 . 
MAIN  ROTOR  RADIUS  A 29.9773 
MAIN  RCIOR  TIPSPEEC  = 750. n0 
ROTOR  RLAOL  CUTOUT/R  7 .SOGPO 
PAIN  ROTOR  LIFT  <Ll‘)  7 25966.99 
TAIL  ROTOR  RADIUS  (FT!  z 2.7273 
TAIL  ROTOR  ASPECT  RATIO  z*«**»***«* 
PE -CENT  P0.E9.ANTI  -IORCUE  : 16.5^87 
7 HP  ,ANI I-TORCUE tGIVEN  TR  z .DCPC 
TS  CT/SIG, MAX. CONI. THRUST  a .PCGTO 
IR  FM, MAX. CONT. THRUST  z 1.07U51 
IT.  . N-TORO.MOKl  NT  (FT-LB  ) = 97290.58 
MAIN  GEARBOX  DESIGN  HP  z 79C8.85 


HINGE  LENGTH  TFT)  7 l.I8o? 
MAIN  RC10P  PE  S I CN  HP  : 5168.317 
MAIN  ROT  OR  DESIGN  AOV.RA!]0=  .9167) 
TAIL  R01PR  SHATT  E f NT.TlK  IN)  r 8.167 
MAX . TR  SUSTAINED  THRU5ITL9J7  ’225.51 
HRF  LOCK  N'UMfcER  A 1.9]26 
VERTICAL  TAIL  AREA  ISC. FT)  7 71.76593 
HOV .ANTI -TCP  L UE  MOMT ( F I -L  n ) 7 9729  1 . 
KAX.SU5T.YAU  MOMENT  in-LEO  z 121-.20. 
FUSFLAGE  Vt  T TFP  ARCA(SC.Fl)!  9PO.C.OOC 
w I NC  AREA  (SC. FT)  z 292.29369 
10TAL  I.NSTALLED  P09CR  (HP)  r 9109.599 
PROPULSOR  DIAMETER  TFT)  z 9.729m6 
ENFINF  OUTPUT  RPM'  7 130°6.21 
ALTERNATE  HOVER  SHAFT  HP  7 6992,979 
COLMV.SLS  ALTERNATE  HOV. HP  7 910R.59E 
ALTERNATE  HOVTR  LAPSE  RATE  : .70727 
HPvrP  FIXED  LOSSES  (HP)  7 IPO, DODO 
ACTUAL  CRUISE  SPEEC  IKIS)  7 3n0.G000 
DESIGN  CDUISE  POTPK  HP  : 71.139 
CRUISE  LAPSE  PAYE  7 .52217 
OrS.CRDISF  PROP. THRUST (LB)  7 1871.57 
OrSIGN  C.PUISE  ADV. RATIO  7 1.22169 
PAPASIir  PPAG  (SQ.FT)  7 12.886 
HEAP  MCM). CONST. (PT-LB/OLGi:  H17.fi 
PL  A.NF  ORM  VER.TAIL  (SC.FT)r  71.7659 
MAIN  ROT  OR  ASPECT  RATIO  7 13.6893 
HAJNP0T09  SOLIDITY  7 .11959 
MAIN  ROTOR  CHORD  I 1.79796 
NUMPfR  OF  MAIN  ROTOR  BLADES!  5. 
MR  BLADE  TAPER  PATIO  7 l.DOC 
NUMBER  OF  TAIL  ROTOP  PLADES7  13. 
TAIL  ROTOR  CHORD  (FT)  ;**»****♦»* 
TAIL  ROTOR  SOL  I PI T Y/ AC . F AC. 7)1 1 1 . 06 1 2? 
TAIL  ROTOR  FK , ANT  I -TOROUE  7 1 .0705 
TR  CT/SIG  RATIO, ANII-T0R0UE7  ,UQOO 
TR  DL,MAX.C0N.THR(LP/S0.FT)7  138.9651 
AVAILABLE  T R ANTI-IOROUE  HP 7 1095.31 
I « I L ROTOR  T1PSPEEP  (FPS)  = 700.00 
TR  HP. “AX.CPNT. TIIPUSI  7 1998.96 


TABLE  12  - Concluded 


MISSION  ANALYSIS 


locus 

25968. 

9 185. . 

ROTOR  RADIUS: 

29.97  FT  * , 

, PARASITE  DRAGS  12 

.9  SO.rT. 

MOOL 

GP..I 
1 L b S ) 

TEMP 

COEG.r  ) 

All 

irn 

OPTN 

l?R/rPM  > 

SPEED 

UTS) 

VST  Al L 
UTS)  1 

OIST 
(...MI  ) 

TIME 

(MIN) 

n.AR. 
(SO. FT) 

SHP 

run 

(LBS) 

sre 

WARM UP 

25376. 

59. 

c. 

„ 

__ 

8.0 



1551.0 

185.6 

.6597 

HOVER 

25291. 

59. 

G. 

1000.000 

-- 

- 

- 

2.0 

— 

9969.8 

89.6 

• 9699 

CLIMB 

25096. 

23. 

100C0. 

2000.00 

200.0 

33.3 

10. 0 

12.89 

3696.9 

300.9 

.9707 

CRUISE 

2999  J. 

- !?• 

20000. 

.00 

300.0 

13S.0 

27.0 

12.89 

9996.0 

699.2 

.9255 

CRUISE 

23561. 

-12. 

2C000 • 

.00 

300.  C 

• •f  *• 

135.0 

'27.0 

12.69 

9367.1 

679.2 

• 92..1 

OCSCM 

22V61. 

23. 

1000C. 

-2000.00 

260.0 

96.7 

10.0 

12.89 

3939.0 

287.9 

.9790 

..OVER 

22799. 

5°. 

1000. coo 

- 

— 

-- 

2.0 

-- 

9207.1 

75.8 

.5199 

RESCRVE  ruCLUO.tU  270.  6 l f.S  . 


107  AL  MISSION  run  IS 
TOTAL  MISSION  TIME  IS 


2978.5  LRS. 
66.0  MINS 


Lire  CYCLE  COST  SUMMARY 


DOLLARS 


development  cost  per  aircram 

PROTOTYPE  COST  PER  PRODUCTION  AIRCRAFT 
RECURRING  PRODUCTION  COST 

arc  avionics 

ENGINE  COST 
TTLYAVAY  COSH 
INITIAL  SPAPCS 
GOCUNO  SUPPORT  COUIPMCNT 
INIT. TRAINING  AND  TRAVEL 
ACOUISITIAN  COST 

f LIGHT  C°EV 

run  • oil 

REPLENISHMENT  SPARES 
006*0/S*G/S  MAINT* 

OCPOT  MAINTENANCE 
RECURRING  TRAINING 
MAINTENANCE  OT  GSC 
operating  COST 


155196* 

66629;, 

1597376. 

100000. 

321038. 

(1968919. ) 

659831. 

118105. 

60565. 

2601916. 

957200. 

889096. 

2007359. 

712333. 

798238. 

320670. 

93017. 

5173912. 


LIFE  CYCLE  COST 


6197*53. 


PRODUCT  IV I TV 


•09921 


ncEi  Lire  cycle  cost 


WARNG 


9096826656. 


TABLE  13.  COMPUTER  PRINTOUT  SUMMARY  FOR  POINT  DESIGN 
AIRCRAFT  - CONFIGURATION  5 - TRAC  COMPOUND 
HELICOPTER  - .SLOWED,  DESIGN  CRUISE  SPEED 
350  KNOTS 


MA*N,ROtOR  TAIL  RCTOR/rAN 


DESIGN  G.W.UBI 

26716. 

RADIUS  Ifll 

24.69 

radius  im 

3.3? 

IAYL0A0  /tLb ) 

scco. 

CHORD  (FT) 

1.701 

CHORO  (ffl 

•C i ex)  empty  at ) 

Iv2«7. 

NO. OF  & LADES 

6.0 

no. or  diaoes 

13. D 

FUEL  IU) 

3907. 

ROTOR  SOLIDITY- 

.1316 

ROTOR  SLOT Y/AT 

671.0694 

HOVER  PGVffc  (SHPi 

7769. 

TIP  SPEEO  IFPSJ 

730.0 

up  speto  «rpsi 

700.0 

• OYI W ♦ CL1M6  HP 

IC62. 

ASPECT  RATIO 

19.511 

ASPECT  RATIO 

MAIN  ROTOR  DESIGN  HP 

CM  A.  . 

CT/SIGHA 

.1200 

CT/SIGHA 

• OOOD 

J/.IL  ROTOR  CAM  (DEG) 

.cO 

MAIN  ROTOR  LIE! 

2C716.S 

TAIL  ROTOR  LIFT 

.n 

r.R.OISC  LGAOINGTPSF) 

ts.cn 

r i cure  or  merit 

.5692 

IIGURI  Or  MERIT 

.9496 

IAIN  G.8.  DESIGN  HP 

9270. 

rladl  Anrfsc.m 

252.0 

SUMMARY  WEIGHT  ^STATEMENT 


GROI.P 

WEIGHT 

1 5 W 

MAIN  ROTOR  GROUP 

2629. 

9.16 

SING  GROUP 

1029. 

3.56 

TAIL. GROUP 

1075. 

3.75 

TAR  ROJOG.FAN 

972. 

1.69 

TAIL  SURf ACEi 

609. 

2.10 

COO Y CROUP 

?02^. 

7.01 

ALIGHTING  GEAR 

779, 

9»fl’ 

FLIGHT  CONTROLS 

933. 

3.2S 

ENGINI  SECTION 

m. 

2. 45 

PROPULSION  CROUF 

772s; 

26.90 

ENGINES 

1666 . 

5.46 

AIR  INDUCTION 

0. 

• 00 

EAHAUST  SYSTEM 

39. 

• 12 

LUBRICATING  SYSTEM 

0. 

.DO 

run  £v$um 

7$9. 

2.62 

ES&TNr  '■ONTROLS 

ss. 

.19 

ST/PUNS  SVSICK 

1 9 S . 

.50 

AUXU.APy  PWOPULSION  PROPELLERS 

196S. 

S . 1 7 

ORIYl  ‘YSTFp 

3S6S. 

12.41 

AUXILIARY  POLL®  UNIT 

193. 

• 67 

INSJKunrms 

193. 

• G7 

HVORAIN  *CS 

106. 

.37 

CUCTwIt.’  GROUP 

934. 

1 SI 

AVIONICS 

325. 

1.13 

ARMAMENT  group 

0. 

•no 

rURMSHtNGS  ‘ 

4?4. 

1.4| 

AIS  CONDITIONING  ANO  AMI-ICE 

126. 

• 49 

AUXILIARY  GEAR 

S9. 

• 21 

VIBRATION  SUPPRESSION 

223. 

• 76 

TECHNOLOGY  SAVINGS 

0. 

• no 

CONTINGENCY 

193. 

.67 

.EIGHT  EMPTY 

19267. 

67.16 

FIXCO  USEFUL  „OA0 

S2S. 

1.43 

PILOT 

23S. 

CG-PRGT 

23S. 

OU-INGINE 

30. 

-1RAPPC0 

to. 

fuel  trapped 

IS. 

MISSION  COUIPMINI 

0. 

C IHFR  FVL. 

0. 

PAYLOAD 

5000. 

P.4I 

FUEL-USABLE 

3907. 

13.  NC 

GROSS  .riChT 

26716. 
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Aa . ri.  tfaiitifr 'Min  Till  i iin/lTi  it  T iHfm  ifrifrilmUrT 


'J.-V. 4a-*.- 


TABLE  13  - 

Continued 

SELECTED  OE 

r I GN  PARAMETERS 

M1HLE  OFF  SCt  IF  Id 

- 

1 . 2 3 v 3 

HINGE  LENGTH  (FT)-  : 

1.1726 

. MAIN  ROIOP  BLADE  TMST(DEG) 

r 

-a  .ccno 

MAIN  ROTOP  DESIGN  HP  : 

6682. 6S6 

MAIN  ROTOR  RPM. 

z 

282. 3SR 

MAIN  ROTOR  DESIGN  AOV. RATIO: 

.61671 

MAIN  ROIOP  SHAM  LENGTH  SIN) 

z 

MB. 756 

TAIL  ROTOR  SHAFT  LENGTH(IN): 

9V  967 

I A I L DRIVE  SHAFT  LENGTK(IN) 

z 

320.925 

MAX . TR  SUSTAINED  THRUST(LS): 

6007.93 

TAIL  rotor  RRK 

z 

2012.03 

MRP  LOCK  NUHBER  : 

1.6135 

hoh'i.’omal  tail  areaisq.fti 

z 

90.96909 

VERTICAL  TAIL  AREA  (SO. FT)  = 

90.01318 

DC  r 1 GN  HOV.  AM J -TOROUE  HP 

z 

1317.653 

HOV. ANTI -TOROUE  MOKT ( FT-L3 ) : 

120570. 

RID. YAW  ACCEL  • I *. AD/ SEC  / SEC  1 

z 

.65607 

HAX.SUST.YAW  MOMENT (FT -LB ) : 

167286. 

VERM  CAL  DRAG 

z 

.077691 

FUSELAGE  WETTED  APEA(SO.FT): 

900.0000 

E AG  < ATE  SCALE  FACTOR 

T 

3.28C01 

WING  AREA  (SO. FT)  r 

266TB1263 

CR: ISF  PROPHLSOR  SHAFT  HP 

z 

3399.128 

TOTAL  INSTALLED  POWER  (HP)  : 

12792.037 

PROPULSOR  R I'M 

z 

• COO 

PROPULSOR  DIAMETER  (FT)  : 

6.27252 

, HA  1 N GEARBOX  INPUT  RPM 

r 

66co.no 

ENGINE  OUTPUT  RPM  : 

11063.16 

DESIGN  HOVER  SnAFT  HP 

- 

6061.171 

ALTERNATE  HOVER  SHATT  HP  = 

8061.130 

EOdIV.SLS  DESIGN  HOVER  HP 

z 

11398.301 

EOU I V . SL  S ALTERNATE  HOV. HP  : 

11398.299 

DESIGN  HOVER  LAPSE  RATE 

z 

.70722 

ALTERNATE  HOVER  LAPSE  RATf  : 

.70722 

HOV. OVERALL  HECH. EFFICIENCY 

- 

.606162 

HOVER  FIXFO  LOSSES  (IIP)  : 

100.0000 

DES.CYNAM.IC  PRE  SS  IL  E /SO  .F  I ) 

z 

356.6008 

ACTUAL  CRUISE  SPEED  (KTS)  : 

350.0000 

DESIGN  CRUISE  HP 

z 

6995.022 

OESIGN  CRliiSE  ROTOR  HP  : 

53.306 

ECUIV.SLS  STATIC  HP-CRUISE 

z 

12792.037 

CRUISE  LAPSE  RATE  : 

.56683 

CRUISE  FIXED  LOSSES  (HP) 

z 

10C.C000 

DES. CRUISE  PROP. THRUST (LB)  : 

2516.63 

CRUISE  TIP  SFEED  (FPS) 

z 

332.  uno 

DESIGN  CRUISE  AOV. RATIO  : 

1.78163 

OES. CRUISE  WING  LIFT  ILI5  > 

z 

27569.75 

PARASITE  DRAG  (SO. FT)  : 

13.713 

ULTIHATE  LOAD  FACTOR 

z 

3.750G 

HEAD  MOMT. CONST. (TT-LP/OEG): 

1656.2 

PLANFORH  HOR.IA1L  (SO. FT) 

z 

65.6850 

PLANFORH  VFR . T A I L (SO. FT): 

90.0132 

TAIL  CANT  ANGLE  (DEG) 

z 

.no- 

MAIN  ROTOR  ASPECT  RATIO  r 

16.5106 

NUMBER  OF  ROTORS 

z 

1 . 

MMNROTOR  SOLIDITY  : 

.13162 

MAIN  ROTOR  RADIUS 

z 

26  .6666 

MAIN  ROTOR  CHORD  : 

1.70128 

MAIN  ROTOR  I1PSPEED 

z 

73C.OO 

NUMBER  OF  MAIN  ROTO”  BLAOES: 

6. 

ROIOR  BLADE  CUTOUT/R 

z 

.5uono 

MR  BLADE  TAPER  RATIO  : 

1.000 

MAIN  ROTOR  LIFT  (LB) 

z 

28718.69 

NUMBER  OF  TAIL  ROTOR  BLADES: 

13. 

TAIL  ROTOR  RADIUS  (FT) 

z 

3.3223 

TAIL  POT  OR  CHORD  (FT)  =***•♦**♦♦♦ 

THL  ROTOR  ASPLCT  RATIO 

-#**»****«* 

TAIL  ROTOR  SOLIDITY/AC.FAC. : 

871.08939 

PERCENT  POfcCR.ANTI-TOPOUE 

- 

16.9580 

TAIL  ROTOR  FM , ANT I -T ORGUl  : 

.9596 

7 HP, ANII-TCP9UC .GIVEN  TR 

r 

.0000 

TP  CT/SIG  RATIO, ANTI-TORCUE: 

.0000 

TR  LT/MG, MAX, COM. THRUST 

= 

.00000 

TR  DL,HAX.CON.THR(LP/SO.FT): 

115.5863 

TR  FH, MAX. CONI. THRUST 

r 

.95957 

AVAILABLE  TP  ANT I -T OROUF,  HP: 

1317.65 

TR  AN-TORO.HOMENT (FT-Uj) 

= 

120570.16 

TAIL  ROTOR  TIPSPEFO  (FPS)  : 

700.00 

MAIN  GEARBOX  DESIGN  hP 

9270.30 

TR  HP, MAX. COM, THRUST  r 

1900.89 

9 


4 


MISSION  ANALYSIS 

2671ft. 5 LBS.,  ROTOR  RA01US=  2%. 69  FT. , PARASITE  DRAGS  13.7  SO.rT. 


ICMP  ALT  OPTN  SPEED  YSTALL  DIST  TIME  FL.AR.  SHP  FUEL  SFC  WARNS 
IOCG.F)  € r I A <2R/f  PM  > (XTS1  (KTS)  IN. Mil  ININ)  ISO. FT)  U3S) 


28588. 

59. 

0. 

— 

— 

— 

— 

8.0 

— 

2177.9 

260.6 

.8597 

284C3. 

59. 

0. 

lOOU.OOQ 

-- 

- 

-- 

2.0 

- 

6120.8 

106.9 

• 6062 

28151. 

23. 

lOOOO. 

2000.00 

230.0 

38.3 

10.0 

13.71 

9660.1 

395.0 

• 9899 

27389. 

-12. 

20000. 

• CO 

350.0 

*•••• 

128.7 

22.1 

13.71 

6870.6 

1121.6 

• 9226 

26276. 

-12. 

20000. 

.00 

350.0 

128.7 

22. 1 

13.71 

67S2.9 

1)03.6 

<.92  31 

25993. 

23. 

1000C. 

-2000.00 

32,5.0' 

59.2 

10.0 

13.71 

5995.2 

971.7 

• 9539 

25209. 

59. 

0. 

1000.000 

-- 

— 

— 

2.0 

— 

5009.9 

96.7 

.5521 

RESERVE  FUEL(IG.X):  355.8  LBS. 


TOTAL  MISSION  FUEL  IS  3913.9  LBS. 

TOTAL  MISSION  TIME  IS  76.1  MINS 


LIFE  CYCLE  COST  SUMMARY 


DEVELOPMENT  COST  PER  AIRCRAFT 
PROTOTYPE  COST  PER  PRODUCTION  AIRCRAFT 
OCCURRING  PRODUCTION  COST 
'GFC  AVIONICS 
ENGINE  COST 
(FLYAWAY  COST) 

INITIAL  SPARES 
GROUNO  SUPPORT  EQUIPMENT 
INIT • TRAINING  AND  TRAVEL 
ACQUISITION  COST 

FLIGHT  CREW 
FUEL  ♦ OIL 

REPLENISHMENT  SPARES 
ORG»0/S*G/S  MAIN! 

OEPOT  MAINTENANCE 
RECURRING  TRAINING 
MAINTENANCE  OF  GSE 
OPERATING  COST 

lire  CYCLE  COST- 

PRODUCTIVITY 

FLEET  LITE  CYCLF  COST 


182995ft. 

100000. 

921222. 

(2351180.) 

809990. 

191071. 

6299%. 

3 

-957200. 

1312131. 

2266873. 

793202. 

897156. 

331807. 

99211. 


6057587. 

97119*7^ 

.09537 

9162271808. 


1 


TABLE  14.  COMPUTER  PRINTOUT  SUMMARY  FOR  POINT  DESIGN 
AIRCRAFT  - CONFIGURATION  6 - STOWED  TRAC 
ROTOR  AIRCRAFT,  DESIGN  CRUISE  SPEED  400  KNOTS 


DC  SIGN  AT TRIBUTES 


TAR  RO  TOR/ F AN 


OESIGN  G.W.(LB) 

26662. 

RADIUS  (FT) 

25. 5S 

RAOJUS  (FT) 

2.77 

PAYLOAO  (LB) 

5000. 

CHCRO  (FT) 

2.274 

CHQRD  (FT)  • •• 

weight  empty  r.0) 

16201. 

NO. OF  BLADES 

4.U 

NO. OF  BLADES 

23.0 

fuel  (Lu) 

2937. 

ROTOR  SOLIDITY 

.1133 

ROTOR  3LDTY/AF  j091 

.9659 

HOVER  POWER  ISHP) 

6355.. 

TIP  SPEED  <7P$) 

730.0 

TIP  SPEED  (FPS) 

700 .0 

MOVER  ♦ CLlMp  HP 

«625. 

ASPECT  RATIO 

11.234 

ASPECT  PATIO  ♦ 

MAIN  ROTOR  DESIGN  HP 

5315. 

CT/SIGMA 

.1200 

CT /SIGMA 

.0000. 

TAIL  ROTOR  CANT (DEG) 

» CO 

MAIN  ROTOR  LIFT 

26662.4 

TAIL  ROTOR  LIFT 

.0 

M.R.D1SC  LOAOINGfPSF) 

23.00 

FIGURE  OF  MERIT 

.6126 

FIGURE  OF  MERIT  1. 

0641 

MAIM  G.B.  OESIGN  HP 

?6ia. 

BLAOE  AREA(SO.FT) 

232.5 

SUMMARY  WEIGHT  STATEMENi 


MAIN  ROTOR  GROUP 
WING  GROUP 
TAIL  GROUP 

tail  rotor/fan 
tail  SURFACES 
BOOT  GROUP 
ALIGHTING  GEAR 

flight  controls 
engine  section 
propulsion  group 
engines 

AIR  IN0UCTI0N 
EXHAUST  SYSTC M 
LtePICATING  SYSTEM 
fuel  SYSTEM 

engine  controls 

STARTING  SYSTEM 

AUXILIARY  PROPULSION  propellers 
DRIVE  SYSTEM 
AUXILIARY  POWER  UNIT 
INSTRUMENTS 
HYDRAULICS 
ELECTRICAL  group 
AVIONICS 
ARMAMENT  GROUP 
FURNISHINGS 

AIR  CONDITIONING  AND  AnTX-ICE 
AUXILIARY  GEAR 
VI6RAII0N  SUPPRESSION 
TECHNOLOGY  SAVINGS 
contingency 


WIGHT  EMPTY 


FixrD  USEFUL  LOAD 
PILOT 
CO-PILOT 
0IL-CNG1NC 
-TRAPPEO 
FUEL  TRAPPEO 
MISSION  EQUIPMENT 
OTHER  FUL. 

PAYLOAO 

FUEL-USABLE 


GROSS  WEIGHT 


: ight 

t GW 

2902. 

10.60 

1032. 

3.87 

946. 

J.?5 

1.54 

410. 

536. 

2.01 

2487. 

9.33 

734. 

2.75 

910. 

3.41 

\L»t. 

1.64 

6706. 

25.15 

I-3.S,. 
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.00 

20. 

.21 

o7 

.00 
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«»s. 
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3S9S. 
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101. 
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310. 

1.16 

325. 

1 .22 
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.00 

424, 

U59 

1.26.. 

.47 

59. 
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133. 

.50 

0. 

.00 

162. 

.68 

18201. 

6b.26 
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1.97 
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0. 


5000. 

2937. 


la.YN 

11.01 


. sielaui 1.' 


110 


TABLE  14  - Continued 


SFLCCTED  DESIGN  PARAMETERS 


HINCF  OFFSET  (FT) 

MAIN  ROTOR  Gl ADC  T^IST(OEG) 
MAIN  ROTOR  RPN 
CAIN  ROTOR  SHAFT  LENGTH (IN) 
TAIL  DRIVE  SHAFT  LENGTH(IN) 
TAIL  ROTOR  RPC. 

HO  -I20NTAL  TAIL  APEA(SO.FT) 
GESiGN  KOV.  AN1 I -TORQUE  HP 
RCO.YAV-  ACCEL.  ( P AD/SEC/ SE C ) 
VERTICAL  DRAG 
ENGINE  SCALE  FACTOR 
CRUISE  PROPULSOR  ShAFT  HP 
PROPULSOR  RPM 
MAIN  GEARBOX  INPUT  RPM 
DESIGN  HOVER  SHAFT  HP 
rOUlV.SLS  DESIGN  HOVER  HP 
DESIGN  HOVLP  LAPSE  RATE 
HCV.  OVERALL  HECK .EFF I Cl ENC Y 
DES.OYNAMIC  PRESSTLF/SO.FTI 
OESIGN  CRUISE  HP 
ECUIV.SLS  STATIC  hP-CRL'ISE 
CRUISE  FIXED  LOSSES  (HP) 
CRUISE  TIP  SPEED  (FPS) 

OES. CRUISE  WING  LIFT  (LP  ) 
ULTIMATE  LOAD  FACTOR 
TLANFORM  hOR.TAIL  (SC. FT) 
TAIl  C ANT  ANGLE  (DEG) 

NUMBER  OF  ROTORS 
MAIN  ROTOR  RADIUS 
MAIN  ROTOR  TIPSPLEO 
ROTOR  OLAOL  CUTCUT/R 
MAIN  ROTOR  LIFT  (L6> 

TAIL  ROTOR  RADIUS  (FT) 

TAIL  ROTOR  ASPECT  RATIO 
PLRCENT  POWER,  ANTI-TOROl'E 
J HP, AM7I-TORQUC .GIVEN  TR 
TP  CT/SIG,  MAX.  COM.  THRUST 
TR  FM, MAX. CONT .THRUST 
TP  AN-TORQ.MOHENT IFT-LD) 
MAIN  GEARBOX  OESIGN  HP 


R 1 .2775 
R -8.CGOO 
R 272.830 
= 50.463 
R 232. 159 

- 2R13.11 
R 96.66072 
R 1077.684 
R .67548 
R .070620 
= 2.60179 
r 2872.381 
= .COG 
r Rsnc.no 
R 662R.6PR 
R 9367. ie9 
R .70722 
R .602228 
R R62.8909 
R S8R6.7P1 
R 101*15. R08 
R IPO. COCO 
R 73D.COO 
R 26662. R1 
R 3.7SPO 
R 6 o . 3R0R 
R .00 
= 1 . 
R 2 5 . 5 5 ^ 7 

- 730.00 
R .SOCCO 
R 26662.R1 
R 2.7701 
:*•«****»+* 
R 16.9576 

r .oono 
r .nocoo 

: 1.C6R06 
R 1023C7.15 
R 7616.39 


HINGE  LENGTH  (FT)  R 
MAIN  ROTOR  DESIGN  HP  R 
MAIN  ROTOR  DESIGN  AOV.RATJOR 
TAIL  ROTOR  SHAFT  LFNGTHlINlR 
HAX.TR  SUSTAINED  TH°UST(LP)R 
MRP  LOCK  NUMBER  R 
VERTICAL  TAIL  AREA  (SO. FT)  r 
HOV  . AtlT  I - TORGUE  M0MTIFT-LP1R 
MAX • SUS  T .YAW  MOMENT (FT-LB)  R 
FUSELAGE  WETTED  AREAISO.FTJR 
WING  AREA  (SC. FT)  R 
TOTAL  INSTALLED  POWER  (HP)  R 
PROPULSOR  CIAMETER  (FT)  R 
ENGINE  OUTPUT  RPH  R 
ALTERNATE  HOVER  SHAFT  HP  R 
EOUIV.SLS  ALTERNATE  HOV. HP  z 
ALTERNATE  HOVER  LAPSE  RATE  R 
HOVER  FIXED  LOSSES  (HP)  R 
ACTUAL  CRUISL  SPEED  ( K T S ) R 
DESIGN  CRUISE  ROTOR  HP  R 
CPUJSE  LAPSE  RATE  = 
DES. CRUISE  PROP. THRUST (LB)  R 
DESIGN  CRUISE  ADV. RATIO  R 
PARASITE  DRAG  (SO. FT)  R 
HEAD  MOMT. CONST. (FT-LB/DEGlr 
PLAN-FORM  VFR.TAIL  (SO.FT)R 
MAIN  ROTOR  ASPECT  RATIO  R 
MAI NRO  TOR  SOLIDITY  : 
MAIN  ROTOR  CHORD  R 
NUMBER  or  MAIN  ROTOR  BLADCSR 
MP  BLADr  TAPEP  RATIO  = 
NUMBER  OF  TAIL  ROTOR  BLADESR 
TAIL  ROIOR  CHORD  TFT)  R 
TAIL  ROTOR  SOLIDITY/ AC. FAC. R 
TAIL  ROTOR  F H , ANT  I - T ORCUE  R 
TR  CT/SIG  RATIO. ANTI-TOROUER 
1R  DL, MAX. CON. T HR (LB/SO. FT): 
AVAILABLE  TP  ANTI-TORQUE  HPR 
TAIL  ROTOR  TJPSPEED  (FPS)  R 
TN  HP, MAX. CONT. THRUST  R 


1.2137 
5314. 506 
.41671 
6.310 
3327.03 
1.3694 
73.79543 
102307. 
126142. 

964.0000 
251.53215 
1C145.408 

3.46220 

12400.17 

6624.683 

9367.188 

.70722 

1 00.0000 
400.0000 

.000 
.57629 
1862.92 
.92603 
6.655 
1429.5 
73.7954 
11.2336 
.11334 
£.27448 
4. 
1 .COO 
13. 

*«»»****«* 

1091.96594 

1.0641 

.0000 

138.0132 

1077.68 

700.00 

1499.75 


TABLE  lU  - Conclude d 


MISSION  ANALYSIS 

lOGWi  26662.4  LBS. , ROTOR  RADIUS-  25. SS  FT..  PARASITE  ORAG-  ft. 7 SO. FT.; 


GR.WT 

(LbS) 

TEMP 

(DEG.F) 

ALT 

TFT) 

OR* 

47P/.  PM  ) 

SPEED 

(KTS) 

VSTALL 

(KTS) 

OISI 

(N.MI) 

TIME 

(MIN) 

FL.AR. 
(SO.n  ) 

$N'' 

FUEL 

IlftS) 

SFC 

26559, 

59. 

0. 

__ 

__ 

... 

__ 

8.0 



172,7.3 

206.7 

• 85  *7 

26411. 

59. 

0. 

1000. ooc 

- 

- 

-- 

2.0 

-- 

5\2bV7 

89.4 

.49  -3 

26166. 

23. 

1C000. 

2000.00 

260.0 

43.3 

10.0 

8.66 

5105.3' 

398.8 

.4464 

25577. 

-12. 

20000. 

.00 

400.0 

122.1 

18.3 

8.66 

5758.6 

77.M 

is 

2>>6C4. 

-12. 

2C0C0. 

.00 

400.0 

122.1 

18.3 

8.66 

5697.9 

769.4v 

.42  14 

2424*. 

23. 

100UC. 

-2000. OG 

375.0 

62. S 

10.0 

8.64 

4262.8 

346.5 

• 4644 

24034. 

59. 

G. 

looo. noc 

— 

-- 

2.0 

— 

4378.6 

81.1 

.5293 

RESERVE  FUtL(IO.X»z  266.9  LBS. 


TOTAL  MISSION  FUfL  IS  2935.9  LBS. 

TOTAL  MISSION  TIME  IS  oft. 6 MINS 


LIFC  CYCLE  COST  SUMMARY 


DEVELOPMENT  COST  PTR  AIRCRAFT 
PROTOTYPE  COST  PER  PRODUCTION  AIRCRAFT 
RECURRING  PRODUCTION  COST 
GFE  AVIONICS 
ENGINC  COST 
(FLYAWAY  COST) 

initial  spares 

GROUNO  SUPPORT  EOUIPMENT 
INIT. TRAINING  AND  TRAVCL 
ACQUISITION  COST 

FLIGHT  C°EW 
FUEL  ♦ OIL 

REPLENISHMENT  SPARES 
OR6«0/S*G/S  MAINT 
OCPOT  MAINTENANCE 
RECURRING  TRAINING 
MAINTENANCE  OT  GSE 
OPERATING  COST 

LIFE  CYCLE  COST 

PRODUCTIVITY 

FLEET  LIFE  CYCLE  COST 


17469/9. 
100000. 
349925. 
(2196904.  I 
726738. 
13)814. 
61565. 

3 

457200. 

1092125. 

2145479. 

755373. 

800685. 

326691. 

46688. 


5624441. 

9057200. 

.05494 

3396449952. 
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MS  REDUNDANT  STRAP  RETAINING  NUT 


5 10  15  20 


TORQUE  TUBE  CUFF-SLEEVE 
BLAOE  MAIN  SPINDLE' 


OUTER  BLADE  SPAR  DESIGN 
NUMBER  2 SHOWN. 

PREFERRED  SPAR  DESIGN  NUMBER  6 
PROVIDES  INCREASED  CLEARANCES 


* ALTERNATE  NUT  CONSTRUCTION 
SOLID  BERYLLIUM  COPPER  WITHOUT 


INSERT  OR  REDUNDANT  THREAD 


Figure  1*.  Blade  Assembly  Drawing. 
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>PRE- TENSIONED  REDUNDANT  STRAP* 


Figure  6.  TRAC  Dynamic  Model  Blade  Components 
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Figure  8.  Lag  Damper  Installation. 
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Figure  12.  Diameter  Control  and  Lock  Components. 


Figure  13.  Schematic  - Diameter  Control  System 


4000 


Figure  15.  Performance  Characteristics  of  Piuiy.  -Ext ended  Rotor,  Sea 
Level  Standard  Conditions,  Rotor  Lift  =21,000  lb. 


BLADE  TWIST 


Figure  1 6.  Performance  Characteristics  of  Fully  Extended  Roto 
itOOO  ft  95°F  Conditions,  Rotor  Lift  = 21,000  lb. 
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(t))  End  and  Internal  Views 
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FLAPW1SE  VIBRATORY  STRESS  IN  ALUMINUM  , PSI 
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RADIAL  STATION  FROM  CENTER  OF  ROTATION,  FT 


Figure  21.  Effect  of  Twist  and  Spar  Stiffness  on  Vibratory  Stress 
of  Outer  Blade  Spar. 
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| PRIMARY  PARTICIPATION 
I in'  BENDING  MODES_ 

B-BLADE(EXTERNAL) 
J-JACKSCREW  C' 

S"  STRAP  r 


CYCLES/ REV  8 
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ROTOR  SPEED  , a , RAD/SEC 


(a)  Flapvlse  and  Torsion  Modes 


Figure  22.  Blade  Natural  Frequency  Diagram,  100%  Diameter. 
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(b)  Edgewise  Modes 
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NATURAL  FREQUENCY 


(a)  Flapwise  and  Torsion  Modes 


Figure  24.  Blade  Natural  Frequency  Diagram,  60%  Diameter. 
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NATURAL  FREQUENCY 


(b)  Edgewise  Modes 


Figure  24.  Concluded. 
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Figure  25.  Variation  of  Blade  Natural  Frequencies  with  Diaueter, 
1007.  RFM. 
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Figure  26.  Variation  of  Rotor  Lift  with  Forward  Speed  for 
Selected  Conditions. 
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Figure  28.  Effect  of  Vertical  Gust  on  Rotor  Loads. 


Figure  29.  Effect  of  Altitude  on  Rotor  Loads 
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Figure  30.  Continued. 
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Figure  30.  Continued. 
167 


.VIBRATORY  FLAPWISE  MOMENT  ( </2  PEAK-TO-PEAK)  ,IN -LB  x 10" 


V=300  KN 
60%  DIAMETER 
100  % RPM 
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BLADE  STRESS. PS1  xlO-3  BLADE  STRESS, 
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jaCKSCREW  TORQUE  / CENTRIFUGAL  FORCE,  Q/CF,  IN -L  B/  LB 


Figure  34.  Torque-Friction  Relationship  for  Jackscreu 
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Figure  35.  Relative  Weight  of  Major  Blade  Components, 
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Figure  37.  Rotor  System  Weight  Comparison, 


Figure-  38,  Disk  Loading  Optimization  Results,  350  N.M.  Range 
5000  lb  Payload,  400  ft  95°F  Cruise. 
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Figure  ^0 . Aircraft  Comparison  Summary  for  1)000  ft  95°F  Cruise 
5000  lb  Payload,  350  N.M.  Range. 
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Figure  Ul.  Performance  Parameter  Comparison  for  300-Knot  Compound 
Helicopters,  5000  lb  Payload,  350  N.M.  Range,  ^000  ft 
95°F  Cruise. 
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Figure  43.  Drag  Comparison  for  300-Knot  Compound  Helicopters. 
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(b)  TRAC  Rotor  Compound  Helicopters 


Figure  44.  Continued. 


WEIGHT  , LB 


OESIGN  CRUISE  SPEED  , VCR  , KNOTS 


(c)  Stowed  TRAC  Rotor 


Figure  44.  Concluded. 
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OVERALL  LIFT  DRAG  RATIO  , L/D  x r>  =WxV/P 


WEIGHT,  LB 


0 5000  10;  000 


DESIGN  PAYLOAD,  LB 

(a)  Design  Cruise  Speed  150  - 200  Knots. 

Figure  U6 . Effect  of  Design  Payload  on  Weights,  Design  Range  350  N.M., 
1*000  ft  95°f  Cruise. 
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(d)  Design  Cruise  Speed  300  Knots. 
Figure  46.  Continued. 
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(e)  Design  Cruise  Speed  350  - 400  Knots. 


Figure  46.  Concluded 
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(b)  Design  Cruise  Speed  225  Knots. 


Figure  47.  Continued. 
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(c)  Design  Cruise  Speed  250  Knots, 


Figure  47.  Continued. 
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(e)  Design  Cruise  Speed  350  - 400  Knots. 


Figure  47.  Concluded. 
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PRODUCTIVITY  FACTOR,  PLx  VBL/WE,TON  KNOTS/TON 


(a)  Helicopter  and  Full  RFM  Conventional  Rotor 
Compound 


Figure  U8 . Effect  of  Design  Cruise  Speed  and  Altitude  on  Productivity 
and  Consumed  Fuel,  Standard  Day  Cruise,  5000  lb  Payload, 
350  N.M.  Range. 


PRODUCTIVITY  FACTOR,  Plx  VQL /WE,  TON  KNOTS/TON 


(b)  Conventional  Rotor  Compound -Slowed,  and 
Full  RPM  TRAC  Compound 


Figure  48.  Continued. 


Figure  50.  Three-View  Drawing,  Configuration  1,  175-Knot  Pure  Helicopter. 
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PRODUCTIVITY  FACTOR  BASED  ON  BLOCK  PRODUCTIVITY  FACTOR  BASED  ON  CRUISE 
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Figure  58.  Aircraft  Productivity  Comparison,  5000  lb  Payload 
350  N.M,  Range. 
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Figure  59.  Overall  Weight  Fraction  Comparison. 
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Figure  61.  Comparisons  of  Main  Rotor  Aerodynamic  Design  Parameters. 
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Figure  63 


(a)  Standard  Day 


. effect  of  Altitude  on  Out-of-Ground  Effect  Hover  Capability 
IRP  Engine  Rating. 
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Figure  63.  Concluded 
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(a) 


Figure 


Configuration  1,  175-Knot  Pure  Helicopter 


65.  Power  Required  Versus  Forward  Speed. 


POWER  REQUIRED 


(c)  Configuration  2,  200-Knot  Full  RPM  Conventional  Rotor  Compound 


Figure  65.  Continued. 
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VELOCITY  , KNOTS 


(a)  Pure  Helicopter  and  Conventional  Compound  - Full  RPM 


Figure  67.  Speed/Load  Factor  Diagrams. 
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(b)  Conventional  Compound  - Slowed,; and  TRAC  Compound  - Full  RPM 


Figure  67.  Continued. 
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LOAD  FACTOR  , 


(c)  TRAC  Compound  - Slowed,  and  Stowed  TRAC 


Figure  67.  Concluded. 
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5000  LB  PAYLOAD 


Figure  70.  Aircraft  Unit  Life-Cycle  Cost. 


NUMBER  OF  AIRCRAFT  REQUIRED 


Figure  71.  Fleet  Acquisition  Cost. 
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APPENDIX  A 


HELICOPTER  DESIGN  MODEL  (HDM) 


General  Application 

Preliminary  aircraft  design  is  an  iterative  procedure  involving  configura- 
tion, weights,  performance,  and  handling  qualities.  An  initial  configura- 
tion is  developed  from  such  design  constraints  as  payload  volume,  number 
of  crew,  number  of  engines j limit  on  rotor  size,  and  mission  equipment. 

This  configuration  is  used  to  generate  wetted  area  and  drag  estimates  for 
Sikorsky's  computerized  mathematical  helicopter  design  model,  KDM 
(Reference  12) . Other  inputs  to  this  program  are  derived  from  the  system 
design  specifications . 

An  intrinsic  element  of  the  aircraft  design  cycle  (Figure  A-l),  HDM  makes 
possible  rapid  trending  studies  and  baseline  optimization. 

HDM  is  a digital  computer  program  that  specifies,  under  design  constraints, 
rotor  geometry,  component  weight  breakdown,  mission  analysis,  engine  and 
gearbox  sizing,  speed  capability,  and  estimated  costs.  These  outputs 
provide  the  designer  with  the  refinements  needed  for  the  next  configura- 
tion iteration.  A closed  solution  is  achieved  when  consistency  exists 
among  the  configuration,  performance,  weights,  mission  requirements,  and 
system  design  specifications.  Thus,  HDM  plays  an  important  part  in 
closing  the  design  loop  and  provides  early  insight  into  design  sensitiv- 
ities. Aside  from  the  derivation  of  the  design  point  aircraft,  the 
extensive  trade-off  and  optimization  capability  of  HDM  enables  trending 
away  from  the  baseline  configuration,  such  as  was  required  in  this  study. 
The  program  was  modified  as  necessary  to  suit  the  design  constraints  of 
this  study  and  to  obtain  the  desired  level  of  detail  in  weights  equations , 
engines  and  gearbox  sizing  criteria,  and  aerodynamic  performance. 

Program  Operation 

HDM  has  four  basic  loops,  as  shown  on  the  flow  chart  of  Figure  A-2.  The 
innermost  loop,  LO,  derives  the  gross  weight  to  achieve  the  required  pay- 
load.  Alternatively  gross  weight  may  be  specified,  in  which  case  payload 
is  calculated.  The  calculations  within  this  loop  form  the  nucleus  of  the 
program.  The  remaining  three  loops  enable  trending,  for  a single  set  of 
input  data,  on  what  are  considered  the  three  primary  design  constraints. 
These  are  blade  loading  cT/o  (CTSIG) , disc  loading  (DL),  and  the  percent 
of  power  (PCTPR)  provided  at  the  engine  shaft  output  that  will  be  availa- 
ble for  the  antitorque  device. 


CTSIG,  DL,  and  PCTPR  can  be  selected  as  single  inputs  or  as  a required 
range  (initial,  final,  and  incremental  values),  so  that  repeated  passes 
are  made  around  the  appropriate  loop  (LI,  L2,  L3)  to  create  a matrix  of 
design  points . For  each  range  of  any  of  these  three  variables , the 
interpolated  value  to  produce  the  optimum  aircraft  can  be  selected,  based 
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twist,  swept  tips,  etc.  In  the  case  of  the  TRAC  rotor,  the  effects  of 
the  large  root  cutout  were  incorporated,  “based  on  the  existing  model  test 
data  of  root  cutout  effects . 

- Forward  Flight 

Forward  flight  rotor  performance  characteristics  in  the  high-speed  (greater 
than  180-knots)  regime  were  derived  from  curve  data  generated  by  the 
Sikorsky  Generalized  Rotor  Performance  program,  similar  to  that  used  in 
the  preparation  of  the  performance  charts  in  Reference  8,  except  that  the 
effects  of  radial  flow  are  also  included  for  increased  accuracy.  For 
compound  configurations , it  was  assumed  that  rotor  lift  could  be  defined 
by  an  allowable  maximum  /o  as  related  to  the  advance  ratio,  as  described 
in  Appendix  C.  The  required  wing  lift  was  then  the  difference  between 
the  gross  weight  at  that  stage  of  the  mission  and  the  rotor  lift  so 
derived.  By  entering  wing  incidence/C^/Cp  curve  data,  wing  angle  of 
attack  and  profile  drag  and  induced  drag  coefficients  were  determined. 

The  wing  area  required  had  previously  been  established  at  an  earlier  stage 
of  the  program  with  the  same  maximum  rotor  Cip/a  approach,  applied  for  the 
critical  speed/altitude/temperature  condition.  With  rotor  Gp/o,  advance 
ratio,  and  tip  Mach  number  known,  and  tip  path  plane  attitude  assumed, 
the  rotor  performance  curve  data  were  entered  to  provide  rotor  power 
required  and  inplane  drag  force . Total  propulsive  force  required  was 
accumulated  from  parasite  drag,  wing  drag,  and  rotor  drag  components. 

Performance  curves  for  two  classes  of  propulsive  devices  are  included  in 
HDM.  For  propellers,  maps  of  propulsive  efficiency  are  represented  as 
functions  of  thrust  coefficient,  activity  factor,  advance  ratio,  and 
integrated  lift  coefficient  (Reference  13).  For  fans,  thrust/SHP  ratios 
are  calculated  as  functions  of  fan  pressure  ratio  and  flight  speed.  Total 
engine  shaft  horsepower  required  is  computed  as  the  sum  of  rotor  power, 
thrust  power,  tail  rotor/ fan  power,  and  accessory  power,  as  affected  by 
the  mechanical  inefficiencies  of  the  drive  system. 

At  low  flight  speeds  (less  than  lGO-knots),  the  Sikorsky  Non-Dimensional 
Rotor  Performance  (NDRP)  semi -empirical  method  was  used.  The  analysis 
is  based  on  an  energy  approach,  modified  to  account  for  blade  interference, 
Reynolds  number,  Mach  number,  and  skewed  flow  effects. 

- Engines 

Shaft  engine  performance  input  data  consist  of  the  sea  level  standard  SFC 
vs  horsepower  curve,  and  specifications  of  static  maximum  continuous, 
intermediate  and  takeoff  power  ratings  at  three  altitudes  and  temperatures . 
At  any  general  altitude  and  temperature,  the  quantity  SHP/S  / 0 is 
computed,  where  6 is  the  ambient  pressure  ratio  and  0 is  the  absolute 
temperature  ratio  to  sea  level  standard  values . The  input  SFC  curve  is 
entered  at  this  adjusted  SHP  value.  The  engine  ratings  are  interpolated. 

In  forward  flight,  engine  ratings  are  boosted  by  the  supercharging  bene- 
fits of  ram  air,  and  SFC  is  reduced.  These  two  effects  are  expressed  by 
empirically-derived  equations  from  existing  engine  data.  In  this  study, 
a rubberized  PLT-27  engine  was  used  as  the  basis  for  fuel  flow  calculations . 


Once  the  engine  scale  factor  had  been  determined  for  the  critical 
performance  criterion,  the  baseline  engine  SFC  vs  horsepower  curve  was 
adjusted  proportionately,  so  that  rhe  SFC  computed  subsequently  was  con- 
stant for  a given  fraction  of  intermediate  power,  regardless  of  required 
engine  size. 

- Cost  Model 

Life-cycle  cost  (LCC)  of  a military  helicopter  is  the  summation  of  the 
costs  of  development,  prototype  fabrication,  production,  ground  support 
equipment,  crew  training,  maintenance,  spares,  and  fuel.  Development  and 
production  costs  are  statistically  trended  from  existing  hardware,  as  a 
function  of  component  weights  already  calculated.  The  effect  of  production 
volume  on  component  costs  (dollars  per  pound)  is  accounted  by  a standard 
learning  curve  technique.  Prototype  costs  are  derived  from  the  production 
costs  by  means  of  the  learning  curve  adjustment  for  the  relatively  very 
small  number  produced.  Operational  costs  are  computed  mainly  from  pub- 
lished Army  statistical  data,  Reference  l4,  and  given  operational  charac- 
teristics such  as  utilization  (flight  hours  per  year),  service  life,  and 
number  of  crew  and  maintenance  personnel.  An  adjusted  life-cycle  cost 
was  also  computed  on  the  assumption  that  the  actual  number  of  aircraft 
required  was  inversely  proportional  to  the  cruise  speed  and  payload  capa- 
city, i.e.,  the  total  ton-nautical  miles  of  work  in  a given  time  was  con- 
stant. Productivity  is  also  computed,  defined  as  payload  x block  speed  * 
weight  empty . Block  speed  was  computed  on  the  assumptions  that  warm-up, 
takeoff,  and  landing  times  were  accountable  towards  trip  time,  and  that 

climb  (at  66 % of  cruise  speed)  and  descent  (at  90 % to  93.5$  of  cruise 
speed)  were  accountable  towards  distance  travelled. 


A flow  chart  of  the  LCC  subroutine  is  shown  in  Figure  A-3.  Algebraic 
representation  of  the  components  of  each  facet  of  life-cycle  cost  is 
discussed  in  the  following  paragraphs. 


CDEV  = 

[6.5  x 

Where: 

CFDEV 
WE  = 
DCON  = 

Prototype  Cost 

CPR0T0 

«|<? 
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it 

Where: 

QPR0T0 
PBASE 
CFLY  : 
PRDRUN 

ACLF  * 

ACLF 


x CFLY  x 
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on  minimum  gross  weight,  or  minimum  cost. 

Engine  size  and  transmission  rating  can  be  selected  from  one  of  the 
following  options : 

1.  Specified  engine 

2.  Sufficient  for  the  design  hover  point 
3-  Sufficient  for  an  alternate  hover  point 
h.  Sufficient  for  the  design  cruise  point 

5.  Greater  of  2 and  3 

6.  Greatest  of  2,  3,  and  4. 


In  this  study,  the  design  hover  requirement  sized  the  helicopter  power- 
plant  . For  the  high-speed  compound  helicopter  and  TRAC  configurations , 
the  selected  cruise  speed,  in  most  cases,  was  critical  in  sizing  the 
powerplant,  whereas  the  hover  requirements  sized  the  main  gearbox. 

The  mission  analysis  routine  provides  sufficient  flexibility  for  division 
of  a mission  into  discrete  elements  at  the  required  altitudes,  tempera- 
tures, and  speeds.  The  mission  profile  can  contain  as  many  as  50  segments, 
or  many  missions  can  be  stacked  to  a total  of  50  segments  to  be  processed 
sequentially.  Speed  can  be  specified  in  knots,  or  coded  as  speed  required 
to  produce  maximum  range,  maximum  endurance,  rotor  drag  divergence  thresh- 
hold,  or  speed  required  to  match  a gearbox  design  power  or  some  engine 
rating.  Proper  account  is  taken  of  fuel  burn-off  and  the  loading  or  off- 
loading of  passengers  or  cargo. 

Component  weights  are  evaluated  by  a set  of  statistical  weight  equations , 
modified  to  suit  a specific  aircraft  type.  Rotor  group  weight  estimates 
account  for  blade  aspect  ratio,  design  dive  speed,  and  hinge  offset  effects. 
The  drive  system  is  divided  into  individual  shaft  lengths  and  gearboxes , 
and  weight  estimates  reflect  the  transmitted  horsepower  and  rotational 
speeds  of  each  component.  Parametric  weight  trending  equations  for  the 
TRAC  rotor  and  stowing  mechanism  were  developed  and  added  to  the  weight 
subroutine,  as  described  in  Appendix  IV. 

Performance  Methodology 

- Hover 

The  helicopter  design  model  utilizes  the  Figure  of  Merit  Ratio  (FMR) 
method  for  calculating  hover  performance.  This  semiempirical  method, 
based  on  extensive  hover  test  data,  has  proved  to  be  particularly  reliable 
at  high  rotor  loading  conditions  (high  CT/cr) , for  which  many  theoretical 
methods  give  optimistic  results.  The  FMR  method  can  be  corrected  to 
account  for  special  rotor  physical  characteristics  such  as  nonlinear 
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Learning  Curve  { .85) 


Acquisition  Cost  (CACQ) 

CACQ  = CFLY  + CGSE  + CITE  + CISP 

Where:  CGSE  = Ground  Support  Equipment  Cost 

= CFLY  x PCTGSE 

CITR  = Initial  Training  and  Trave.,.  Cost 

= (ft  Flight  Crew  Officers  and  iT  ilisted  Men) 
x (Respective  Salaries) 

CISP  = Initial  Spares  Cost 

CSTRPR  = Airframe  and  Dynamic  System  Cost 

CENG  = Engine  Cost  per  Aircraft 

CAVI  = Avionics  Cost  per  Aircraft 

Total  Maintenance  Enlisted  Manpower  Requirement 

= (2.3178  + .000665  x WE)  x 1.1*  x x OMHFH 

UTIL  = Annual  Utilization  (fit.  hours/year) 

OMHFH  = Maintenance  Burden  Factor 

Officer  Manpower  = .04  x Enlisted  Manpower 

CFLY  = 2 (Component  Weights)  x (.Component  $/lb) 

+ Engine  Cost  + Avionics  Cost  + Auxiliary  Propulsion  Cost 

Component  $/lb  = ($/lb)  x / PRDRUn\  ACLF 

PRASE  \PBASE  / 

Engine  Cost  = 190  x ENG  x SHP'8 
ENG  = ft  Engines 

SHP  = Installed  horsepower,  each  engine 
Auxiliary  Propulsion  Cost: 

Propellers : CAUXP  = 5600  x Propeller  Diameter  x (ft  Propellers ) 

Prop- Fans : 

CAUXP  = 45.58  x (Design  hp)'13** 


(Pressure  Ratio  -l)’*^ 
x 1000  x (ft  Propulsors) 
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ft  Propulsors  x ft  Aircraft) 
500  > 


AC  IF 


Operating  Cost  (COP) 


COP  = CREPL  + CFC  + CFUEL  + CM  + CRTR  + CGSEM 
Where : 

CREPL  = Replenishment  Spares  Cost 

= (7.251  + .0073  x WE)  x UTIL  x SVLIFE  x 1.276 

SVLIFE  = Service  Life  (years) 

CFC  = Flight  Crew  Cost 

= (M  Officers  and  Enlisted  Men)  x (.Respective  Salaries)  x SVLIFE 
CFUEL  = Fuel  Cost 

= Consumed  Fuel  per  Mission  x UTIL  x SVLIFE  x ($/gallon) 

Mission  Time 

CM  = CMORG  + CMDEP 

CMORG  = Organizational  Maintenance  Cost 

= (ft  Enlisted  Men  and  Officers)  x Respective  Salaries  x SVLIFE 

CMDEP  = Depot  Maintenance  Cost 

= 1.1569  + .000263  x WE)  x 13.5  x UTIL  x SVLIFE 

CRTR  = Recurring  Training  and  Travel  Cost 

= [(ft  Enlisted  Crew  + ft  Enlisted  Maintenance)  x .35  x 25^0  + 

(ft  Officers  Crew  + ft  Officers  Maintenance  x .15  x U1580J  x SVLIFE 

CGSEM  = Ground  Support  Equipment  Maintenance  Cost 
= .03  x CM. 

Life  Cycle  Cost  (l.CC) 

LCC  = CDSV  + CPROTO  + CACQ  + COP 

Fleet  Life  Cycle  Cost  = LCC  x PRDRUN. 
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TRENDING 


Figure  A-l.  Helicopter  Design  Model  - Functional  Concept. 


Figure  A -2.  HDM  Flow  Diagram. 
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Figure  A -3.  Life-Cycle  Cost  Model 


APPENDIX  B 


GENERAL  SPECIFICATIONS 


In  order  to  provide  consistent  ground  rules  for  the  parametric  mission 
studies,  a set  of  general  specifications  was  established.  These  specifica- 
tions, which  influenced  the  studies  through  the  mechanism  of  weight  trending 
equations , fuel  consumption  rates , etc . , were  intended  to  be  appropriate  for 
typical  Army  transport  mission  requirements.  Where  applicable,  UTTAS  design 
technology  was  assumed,  e.g.,  ballistic  tolerance  and  crashworthiness  require- 
ments . 


PHYSICAL  CHARACTERISTICS 


Rotor  System 

Main  Rotor  - Single  rotor,  fully  articulated.  Disc  loading  not  more 
than  15  psf.  Manual  folding  (power  blade  folding  for  stowed  rotor 
configuration) . 

Tail  Rotor  - Conventional  tail  rotor  or  fan-in- fin  as  appropriate. 

Body  Group 

Two  crew,  side-by-side.  Fifth  through  ninety- fifth  percentile  aviator 
accommodation.  Visibility  per  MIL-STD-85O,  paragraph  8.  Individual 
ingress  and  egress.  Cabin  with  load-carrying  floor;  access  through 
side  doors  only.  Mission  usable  cabin  volume  100  ft3  per  thousand 
pounds  of  payload. 

Design  load  factors  (limit):  + 2.5>  - 0.5  g 

Landing  Gear 

Wheeled  main  gear.  Auxiliary  gear  either  nose  or  tail  wheel.  Brakes 
and  parking  brake  provided.  Safe  rate  of  sink  10  fps . Fully  retracta- 
ble. 

Propulsion 

General:  Fire  warning  and  extinguishing  systems.  Self-starting  from 

-12°  F to  120°  F.  Engine  air  particle  separator;  no  IR  suppression 
requirements . Engine  anti-ice  for  continuous  operation  in  moderate 
icing. 

Engine  Technology:  T-700/PLT  27  level  as  projected  for  1980  time 

frame. 

Size:  Rubberized. 
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Number  of  engines : Two . 

Auxiliary  propulsion:  Propellers  or  prop- fans  as  appropriate. 

Fuel  System 

Crashworthy.  Gravity,  pressure,  and  closed  circuit  refueling.  20$  of 
total  capacity  sealed  against  12.7mm,  remainder  7.62mm.  JPl*,  JP5  fuels. 

Auxiliary  Power  Unit 

Required  for  self-starting,  ground  checkout,  and  other  functions  as 
desired. 

Flight  Controls 

Dual  cockpit  controls . Redundant  controls  from  cockpit  to  power 
operated  flight  controls  (including  fixed  wing  controls  and  TRAC 
diameter  control).  SAS  and  FAS  or  full  AFCS.  No  fly-by -wire  for 
primary  flight  controls. 

Power  boost:  Dual  hydraulic  system  plus  separate  utility  system. 

Drive  System 

Rotor  brake.  Main  gearbox  (MGB)  capable  of  operating  30  minutes  at 
cruise  power  after  sustaining  a single  7.62mm  hit.  MGB  rating  1.2 
times  HOGE  power  required  at  1*000  ft  95°  F.  Each  input  rated  at  max. 
engine  power  that  may  be  transmitted  in  case  of  one  engine  failure. 

TGB,  IGB:  grease  lubricated. 

Instruments 


Basic  and  IFR  per  AR-95-1.  Special  instrumentation  as  required  for 
each  configuration. 

Hydraulics 

Per  MEL-H-5U0 . 

Electrical 


Two  independent  power  sources,  each  capable  of  supplying  the  full  load. 
Furnishings 

Soundproofing,  insulation  for  crew  compartment.  Two  armored  crew  seats. 
Cabin  pressurization  for  cruise  above  10,000  ft. 
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Environmental  Systems 


Heating  and  ventilating  only  for  crew  compartment  and  cabin.  Windshield 
anti-ice,  defog,  defrost,  and  rain  removal. 

Anti-icing:  wing  leading  edges  and  critical  rotor  system  components 

as  appropriate  to  the  configuration,  for  moderate  icing  conditions. 


PERFORMANCE 


Design  Mission 

8 minutes  at  idle  power  (both  engines ) 

2 minutes  hover  out  of  ground  effect  (HOGE) 

Cruise  (see  item  below),  Range  200  to  500  NM. 

2 minutes  HOGE 

Reserve  fuel  weight  equal  to  10$  of  the  fuel  weight  required  for  the 
above  listed  mission  segments. 

Fuel  Capacity 

For  design  mission.  Use  105$  SFC. 

Performance  at  Design  Gross  Weight,  UOOO  ft  95°  F 

500  fpm  vertical  rate  of  climb  at  zero  wind  and  not  more  than  95% 
Intermediate  Rated  Power  (IRP)  (30  minute  rating) 

Performance  at  Cruise  Altitude 


Cruise  at  design  altitude  at  not  more  than  Max.  Continuous  Power  (MCP) . 
Cruise  altitudes  -'tOOO  ft  95°  F,  and  from  SL  to  20,000  ft;  standard 
temperature . 

Altitude  for  Takeoff  and  Landing 

4000  ft  95°  F when  this  condition  specified  for  cruise. 

Sea  level  for  standard  day  operation,  independent  of  cruise  altitude. 
Climb  and  Descent 


Part  of  cruise  distance.  Not  more  than  MCP  and  not  faster  than  V 
Maximum  climb  and  descent  rates  2000  fpm. 


cruise  ’ 


Handling  Qualities 

Generally  in  compliance  with  MIL-H-8501A  and  MIL-F-8785E. 
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Weights 


Payload  from  2000  to  10,000  lb. 

Design  Gross  Weight  (DGW)  is  that  required  for  the  design  mission  with 
the  appropriate  payload. 

Unit  weights:  Crew  member  235  lb. 

Fuel  - JP-1»  at  6.5  lb/gallon 

Oil  - 7.5  Ib/gallon 

Hydr.  Fluid  - 7-0  lb/gallon 

Contingency.  None  for  pure  helicopter,  1%  of  weight  empty  for  other 
configurations . 

Technology  Status . Compatible  with  1980  initial  operational  capability 
(10C). 

Vibration 


Not  to  exceed  ±.05g  in  any  direction  on  crew  stations  and  cabin  floor 
in  steady  cruise  or  hover. 

Noise 


Not  to  exceed  95  dB  sideline  noise  at  500  feet  on  take-off. 


EQUIPMENT 

Communications  (Commercial  type) 
Intercom 
1 UHF  radio 

VHF  radio:  1 Transmitter 

2 Receivers 

1 HF  radio 
KY  28 
APX  72 

Wiring,  antennas,  and  installation 

Navigation 

ADF 

VOR/ILS 

Gyrocompass 


Lights 


Anti-collision 

Position 

Landing/Hover  Light 


APPENDIX  C 


AERODYNAMIC  AND  DYNAMIC  CRITERIA 


Allowable  Blade  Twist 


The  assumed  values  of  blade  twist  are  shown  in  Figure  C-l.  A high  value 
of  twist  is  generally  desirable  because  of  the  increased  hovering  figure  of 
merit  it  provides;  however,  the  allowable  values  of  blade  twist  generally 
decrease  with  increasing  forward  speed  and  advance  ratio  because  of  the 
adverse  effects  of  twist  on  blade  stresses , rotor-induced  vibrations  in 
forward  flight,  and  in-plane  rotor  drag.  The  values  for  the  conventional 
rotor  configurations  are  based  on  previous  studies  and  experience,  and  the 
values  for  the  TRAC  rotor  configurations  are  based  on  the  present  full-scale 
preliminary  design  study,  with  trends  assumed  similar'  to  those  for  the  con- 
ventional rotor.  The  reduced  rpm  configurations  have  lower  allowable  blade 
twist  values  than  do  the  full  rpm  cases , because  of  the  increased  advance 
ratio  for  a given  forward  speed.  Although  it  appears  that  higher  twist 
values  are  allowed  for  the  TRAC  rotor  than  for  the  conventional  rotor,  it 
should  be  noted  that  the  TRAC  twist  values  are  the  hover  or  extended  values . 
In  high-speed  cruise,  the  actual  twist  value  is  only  60  percent  of  values 
shown.  The  twist  for  the  stowed  rotor  is  dependent  only  on  the  conversion 
speed  (assumed  150  knots  equivalent  air  speed  in  this  study),  and  not  on 
design  cruise  speed. 

Allowable  Blade  Loading 

Assumed  values  of  the  dimensionless  blade  loading  parameter,  CT/o,  are  shown 

in  Figure  C-2,  along  with  a few  typical  flight  test  data  points  and  some 
analytical  limits  as  background  information.  Rotor  lift  capability  decreases 
substantially  with  increasing  advance  ratio.  It  is  also  a function  of  the 
level  of  propulsive  force  produced,  if  any.  For  uhe  configurations  with 
wings,  a relatively  high  value  (0.12)  of  the  blade  loading  parameter  was 
assumed  for  hover  and  low  speeds  in  order  to  minimize  the  rotor  blade  area 

and,  therefore,  rotor  weight.  At  intermediate  advance  ratios,  the  assumed 
CT/o  vall?es  decrease  in  accordance  with  well-established  trends . At  the 

highest  advance  ratios , the  trend  was  extrapolated  to  a constant  but  low 

level  of  C,./  despite  the  fact  that  there  are  considerable  model  test  data 
T o 

and  analytical  results  suggesting  that  higher  values  are  possible.  The 
reason  for  this  conservatism  is  that  at  high  forward  speeds , high  rotor  lift 
incurs  stress  and  vibration  penalties,  and  in  any  case  the  wing  is  a much 
more  efficient  lift  producer  than  the  rotor  at  high  speeds . 


The  rotor  lift  capability  for  the  configurations  without  wings  are  also 
indicated  in  Figure  C-2  by  the  circled  points . The  lift  capability  of  the 
pure  helicopter  drops  quite  rapidly  with  increasing  advance  ratio  because 
of  retreating  blade  stall,  the  increase  of  parasite  drag  with  forward  speed, 
the  decrease  in  assumed  blade  twist  with  increasing  advance  ratio,  and  the 
concern  about  effect  of  rotor  lift  on  blade  stress  and  vibration.  The 
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helicopter  with  auxiliary  propulsion  can  operate  at  higher  blade  loading 
levels  than  the  pure  helicopter  because  the  rotor  propulsive  force  unloading 
provided  alleviates  the  retreating  blade  stall  problem  to  a certain  extent. 

Airframe  Parasite  Drag 

Assumed  levels  of  parasite  area  as  a function  of  gross  weight  are  shown  in 
Figure  C-3,  along  with  representative  curves  for  existing  aircraft  and 
estimates  for  achievable  values  from  References  16  - 18  as  background 
information.  It  should  be  noted  that  this  parasite  area  includes  the  drag 
of  the  rotor  head  but  not  of  the  rotor  blades,  and  does  not  include  any 
wing  drag,  either  profile  or  induced.  The  average  drag  of  production 
helicopters  is  far  higher  than  is  permissible  for  truly  high  performance 
rotary-wing  aircraft.  There  have  been  a few  relatively  low-drag  helicopters, 
such  as  the  Sikorsky  S~6j  "Blackhawk",  and  the  assumed  curve  for  the  pure 
helicopters  (configuration  l)  in  this  study  is  representative  of  that 
state  of  the  art.  Substantial  improvements  beyond  that  level  are  possible, 
as  pointed  out  in  the  references  indicated,  and  as  design  cruise  speed 
is  increased,  the  weight  penalty  required  to  achieve  still  lower  drag  levels 
becomes  increasingly  balanced  by  savings  in  installed  power  and/or  fuel 
required.  Thus,  the  helicopter  plus  auxiliary  propulsion  and  the  full-rpm 
compound  helicopter,  (1A  and  2 ) which  cruise  at  somewhat  higher  speeds  than 
the  pure  helicopters,  are  credited  with  lower  parasite  drag  curves  but 
higher  weight  penalties  for  drag  reduction.  The  higher  speed  compound 
helicopters  (configurations  3,  H and  5)  have  still  lower  parasite  drag 
curves  because  with  their  high  design  cruise  speeds  it  pays  to  make  the 
aircraft,  as  clean  as  technology  will  permit.  Note  that  the  TRAC  compound 
helicopters  (4  and  5)  are  penalized  relative  to  the  conventional  rotor  (3) 
because  the  differential  gear  unit  in  the  rotor  head  increases  the  frontal 
area  of  the  rotor  head  somewhat.  The  cleanest  configuration,  of  course, 
is  the  TRAC  stowed  rotor  (6)  which  eliminates  the  penalty  of  the  exposed 
rotor  system  altogether,  although  there  is  a residual  drag  corresponding 
to  the  stowage  volume  required  to  enclose  the  rotor  system  in  cruise  flight. 

Although  the  parasite  drag  levels  assumed  in  this  investigation  represent 
a challenge  to  tne  helicopter  industry  and  the  developing  agencies  to 
achieve,  it  is  firmly  believed  that  these  levels  are  achievable  with  proper 
attention  in  the  design  and  development  stages  of  the  aircraft . These 
general  levels  must  be  achieved  to  make  high-speed  rotary-ving  aircraft  of 
any  kind  economically  attractive.  The  assumptions  are  still  quite  conser- 
vative relative  to  demonstrated  achievements  in  the  fixed-wing  aircraft 
field,  as  typified  by  the  lowest  curve  on  Figure  C-3. 

Vibration  Control  Weight 

The  assumed  weight  fractions  required  to  control  vibration  to  the  required 
values  (.05  g in  cruise)  are  shown  in  Figure  C-1j.  Basic  rotor-induced 
vibration  levels  increase  very  rapidly  with  speed  at  high  forward  speeds, 
as  pointed  out  in  References  19  and  20.  At  constant  lift  the  increase  with 
advance  ratio  is  much  greater  than  a linear  relationship.  For  this  reason, 
the  assumption  was  made  that  the  vibration  control  weight  fraction  increases 
linearly  with  forward  speed  despite  the  reduction  in  rotor  lift  with  forward 
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speed  that  occurs  in  the  compound  helicopter  configurations.  The  slowed 
rotor  compound  configuration  was  penalized  25  percent  relative  to  the  full 
rpm  configuration  to  account  for  the  higher  advance  ratios  encountered  at 
any  given  forward  speed  and  the  fact  that  the  airframe  must  be  "detuned"  at 
two  frequencies  rather  than  just  one.  The  TRAC  compound  configurations  are 
assumed  to  require  one-half  of  the  weight  allowance  required  by  the  conven- 
tional rotors . This  is  a conservative  assumption  because  wind  tunnel  test 
data  on  the  TRAC  dynamically  scaled  rotor  system.  Reference  1,  showed  that 
the  reduction  in  diameter  reduced  vibration  levels  by  a factor  of  three, 
despite  the  corresponding  increase  in  advance  ratio.  The  stowed  TRAC 
configuration  has  no  need  for  a vibration  control  weight  allowance  in  cruise 
flight,  but  a residual  0.5  percent  of  gross  weight  was  assumed  to  provide 
an  allowance  for  vibration  control  in  low  speed  flight. 

Values  shown  in  Figure  C-4  are  based  on  l*-bladed  rotors.  Sikorsky  experi- 
ence has  shown  that  the  vibration  levels  are  quite  strongly  a function  of 
blade  number,  with  a reasonable  statistical  fit  pro"ided  by  an  inverse 
square  relationship.  Thus,  in  the  present  study,  the  factor  is  applied 

'n' 

to  the  Figure  C-4  data  for  a number  of  blades  (n)  other  than  four. 

Rotor  Gust  Response  Criteria 

The  high-speed  compound  helicopter  configurations  must  be  designed  and 
operated  to  ensure  that  the  rotor  flapping  motion  is  stable  enough  in  a gust 
environment  to  prevent  rotor  blade/airframe  contact.  Such  contact  must  be 
prevented  from  happening  even  once  during  the  life  of  the  aircraft,  so  the 
gust  considered  must  be  a severe  one.  An  unrelieved  vertical  gust  of 
50  ft/sec  was  assumed  in  the  present  study. 

A series  of  calculations  were  made  for  hypothetical  rotors  of  varying  Lock 
number,  utilizing  the  Sikorsky  Generalized  Rotor  Performance  computer  pro- 
gram. Blade  Lock  number,  proportiona  to  the  ratio  of  aerodynamic  flapping 
moment  to  blade  flapping  inertia,  is  a primary  parameter  in  determining 
flapping  response  to  a gust.  The  calculations  covered  a range  of  tip  speeds 
and  advance  ratios  representative  of  the  current  study.  A "delta-three” 
angle  of  30  degrees,  corresponding  to  a pitch/flap  coupling  ratio  of  -0.577 5 
was  assumed,  necause  of  the  known  benefits  of  this  coupling  on  flapping 
response.  In  each  calculation,  the  time  history  of  blade  flapping  motion 
was  examined  after  imposition  of  the  assumed  gust,  and  the  maximum  value, 
usually  occurring  in  the  first  or  second  revolution,  was  recorded.  It  was 
established  that  down-flapping  angles  over  the  nose  due  to  a down-gust  were 
invariably  larger  than  those  over  the  tail  due  to  an  up-gust,  so  that  the 
down-gust  is  more  critical,  assuming  equal  clearance  angles  over  nose  and 
tail.  The  down-gust  is  also  the  critical  case  with  regard  to  lateral 
clearances  (wing  tips).  Results  of  the  calculations  are  presented  in 
Figure  III-5.  The  adverse  effects  of  high  advance  ratio  and  the  beneficial 
effects  of  low  blade  Lock  number  are  evident. 

The  calculations  also  established  that  the  maximum  flapping  angle  was,  to 
a resonable  approximation,  inversely  proportional  to  the  rotor  tip  speed  for 
a given  advance  ratio  and  blade  Lock  number.  Put  another  way,  the  product 
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of  tip  speed  and  flapping  response  angle  is  essentially  independent  of  tip 
speed  for  a given  advance  ratio  and  Lock  number.  This  relationship,  which 
permits  a simplification  of  the  problem,  is  shown  in  Figure  C-6. 

The  criterion  for  flapping  selected  in  the  present  study  was  12  degrees . 

This  is  a degree  or  two  less  than  the  clearance  angles  provided  in  the  point 
design  aircraft  studies,  but  the  margin  is  believed  necessary  for  the 
uncertainties  of  blade  elastic  response  (not  considered  in  this  analysis) 
or  of  aircraft  pitching  and  rolling  response,  which  could  serve  to  reduce 
physical  clearances  during  the  transient  following  the  severe  gust  encoun- 
ters. Another  condition  imposed  is  that  the  rotor  rpm,  and  therefore 
tip  speed,  be  permitted  to  drop  by  10  percent  of  the  nominal  design  cruise 
value,  because  in  a highly  turbulent  environment,  rotor  rpm  control  might 
be  particularly  difficult. 

Eased  on  the  assumed  flapping  criterion  (12°  max  flapping  angle  for  a 
50  ft/sec  vertical  gust  at  90}  of  design  cruise  tip  speed),  the  relationship 
between  Lock  number,  nominal  design  cruise  tip  speed,  and  maximum  forward 
speed  was  derived,  as  shown  in  Figure  C-7.  As  can  be  seen,  high  design 
cruise  speeds  require  either  high  tip  speeds  (with  associated  very  high 
advancing  tip  Mach  numbers ) or  low  blade  Lock  numbers . In  some  cases 
investigated  for  the  compound  helicopter  configurations , the  cruise  tip 
speeds  desired  from  a performance  standpoint  could  not  be  allowed  because 
the  gust  reponse  criteria  were  not  met.  In  these  cases,  the  design  cruise 
tip  speed  was  increased  until  the  criteria  were  satisfied.  (An  alternate 
procedure,  not  investigated,  would  be  to  increase  blade  weight  to  reduce 
Lock  number . ) 

One  final  condition  was  imposed  because  of  the  fact  that  blade  Lock  number 
changes  with  altitude.  Neglecting  any  change  in  gust  magnitude  with  alti- 
tude, the  gust  response  problem  is  more  severe  at  low  altitudes  (high  Lock 
number)  than  at  high  altitudes  (low  Lock  number).  Requiring  the  aircraft 
to  operate  at  the  same  true  airspeed  at  sea  level  as  at  the  design  altitude 
imposes  a severe  minimum  tip  speed  restriction  that  degrades  the  cruise 
performance  at  the  design  point.  The  two  reduced  rpm  aircraft  configura- 
tions (both  conventional  and  TRAC  rotor  compounds ) were  affected  by  this 
consideration.  For  this  reason,  the  condition  was  imposed  that  the  aircraft 
must  be  only  capable  of  operating  at  a constant  equivalent  airspeed  from 
sea  level  to  the  design  cruise  altitude.  (This  would  not  impose  operating 
difficulties  for  the  pilot  because  this  requirement  corresponds  to  a 
constant  indicated  airspeed,  i.e.,  a constant  red  line  limit.  It  does 
however,  impose  operating  envelope  restrictions.)  Even  with  the  assumption 
of  a constant  equivalent  airspeed,  it  was  discovered  that  sea  level  opera- 
tion determined  the  minimum  allowable  tip  speed.  For  the  affected  aircraft, 
performance  penalties  in  cruise  were  still  encountered. 

Wing  Aerodynamic  Design  Criteria 

Conservative  assumptions  were  made  for  wing  aerodynamic  design.  The  aspect 
ratio  was  optimized  for  the  baseline  conventional  slowed  rotor  compound 
helicopter  design,  considering  the  influence  of  hover  vertical  drag  and 
cruise  induced  drag  on  the  resulting  design.  An  aspect  ratio  of  6 was 
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Fleeted  as  optimum,  and  this  value  was  used  for  all  other  configurations. 
Although  this  assumption  may  not  he  completely  accurate,  it  is  believed 
adequate  to  get  the  correct  trends  in  the  parametric  study  conducted.  A 
taper  ratio  of  0.7  was  selected,  and  it  was  assumed  that  the  minimum  profile 
drag  coefficient  is  .0079 , span  efficiency  factor  is  0.8,  with  a maximum 
L/p  of  21.8  at  an  optimum  lift  coefficient  of  0.37*  In  sizing  the  wing, 
the  rotor  lift  in  cruise  was  first  determined  as  previously  discussed,  and 
then  the  wing  area  selected  to  provide  the  remaining  required  lift  at  a 
trimmed  lift  coefficient  of  0.52,  at  which  the  wing  L/p  is  18.6. 

For  the  stowed  rotor  aircraft,  a different  wing  sizing  technique  was 
required.  It  was  assumed  that  the  conversion  speed  at 'which  the  rotor  is 
stopped  and  stowed  is  150  knots  equivalent  airspeed.  A 20 -percent  stall 
margin  was  assumed,  i.e.,  stall  speed  = 150/1.2  = 125  knots  EAS.  A trimmed 
overall  CT  of  2.0  was  assumed,  which  should  be  achievable  with  a relatively 

simple  single-slotted  flap.  Lift  coefficient  required  at  150  knots  EAS  is 
1.39«  The  resultant  wing  loading  is  106  lb/ft2  for  all  of  the  stowed  rotor 
designs . Cruise  wing  lift  coefficient  is  then  determined  by  flight  dynamic 
pressure . 

Block  Speeds 


Aircraft  block  speeds  are  less  than  cruise  speeds  because  of  the  time  spent 
in  the  mission  on  the  ground  or  in  hover.  The  mission  profile  specifies 
12  minutes,  or  0.2  hour,  of  such  "unproductive"  time.  Another  source  of 
increased  mission  time  is  the  reduced  forward  speeds  assumed  in  climb  to  or 
descent  from  cruise  altitude.  The  assumptions  in  this  study  were  that  rate 
of  climb  or  descent  is  no  greater  than  2000  feet  per  minute;  climb  speed  is 
66  percent  of  design  cruise  speed;  and  average  descent  speed  is  90  percent 
of  cruise  speed  for  cruise  altitudes  of  10,000  feet  or  less,  or  93.5  percent 
of  cruise  speed  for  an  altitude  of  20,000  feet.  Altitude  cruise  missions 
were  assumed  to  start  and  end  at  sea  level.  With  these  assumptions , the 
variation  of  block  speed  with  cruise  speed  and  altitude  is  shown  in 
Figure  C-8.  For  the  1*000  ft  95°  F missions,  the  entire  mission  was 
assumed  to  be  at  a constant  altitude,  so  that  block  speed  is  the  same  as 
that  shown  for  sea  level  in  Figure  C-8. 


BLADE.  TWIST  . DEG 


Figure  C-l.  Allowable  Blade  Twist  Values. 
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BLADE  LOADING  PAR, 


PARASITE  AREA 


VIBRATION  CONTROL  WEIGHT  FRACTION  , WV/G.W.  , % 


*FOR  n-BLACED  ROTORS  , MULTIPLY  ABOVE 
WEIGHT  FRACTIONS  BY  (4/n)2 


Figure  C-i*.  Vibration  Control  Weight  Fractions. 


Figure  C-5. 


Calculated  Rotor  Flapping  Response  to  50  ft /sec  Gust. 
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APPENDIX  B 


PARAMETRIC  WEIGHT'S  METHODOLOGY 


Subsystem  weights  for  pure  helicopters  and  conventional  compounds  are 
estimated  from  standard  Sikorsky  statistical  trends  normalized  to  YUH-60A 
UTTAS  hardware,  with  modifications  to  account  for  the  effect  of  advanced 
technology  for  1980  IOC  (Initial  Operating  Capability).  Weight  estimates 
of  rotor  components  unique  to  the  TRAC  concept  are  derived  from  analytical 
equations  correlated  to  the  56- foot- diameter  preliminary  design  TRAC 
rotor,  corrected  for  prototype  structural  conservatism  and  technology 
improvements  by  1980  IOC.  Equipment  weights  are  taken  from  UTTAS  and 
include  only  minor  modifications  for  the  difference  between  compounds  and 
pure  helicopters  and  for  differences  noted  in  the  general  specification, 
Appendix  B. 

Subsystems  whose  weight  trends  vary  with  the  aircraft  configuration  are 
discussed  below. 

1.  MAIN  ROTOR  GROUP 

a)  Pure  Helicopter  and  Conventional  Rotor  Compounds  - The  pure 
helicopter  and  conventional  rotor  compound  helicopters  utilize 
articulated  rotors  with  titanium-spar  blades  and  elastomeric 
hinge/titanium  head  design.  This  rotor  head  concept  is  employed 
on  the  Sikorsky  UTTAS  (YUH-60A). 

The  parametric  equation  shown  uses  rotor  radius,  blade  chord, 
tip  speed,  advance  ratio,  blade  aspect  ratio,  and  a stress  con- 
servatism factor  as  parameters.  Since  the  basic  equation  predicts 
the  weight  for  an  aluminum  blade,  a technology  factor  of  O.878  is 
used  to  reflect  a 12.2#  weight  savings  achieved  on  the  UTTAS  ti- 
tanium blade.  For  the  compound  rotor  the  structural  design 
advance  ratio  is  defined  at  150  knots,  representative  of  the 
condition  of  maximum  rotor  structural  loading.  A stress  conserv- 
atism factor  (l+MS)  of  1.66  was  selected  for  the  IRB  blades, 
based  on  the  CH-53  and  UTTAS. 

Weight  for  the  titanium  rotor  hub  is  derived  by  applying  a 
weight  savings  cf  l4.1#  over  a conventional  steel  hub  (11.1# 
based  on  UTTAS  iesign  and  3#  for  technology  improvement  by  1980). 
Elastomeric  hinge  weight  is  based  on  the  UTTAS  design  except  that 
the  spindle  is  changed  from  steel  to  titanium  to  yield  a weight 
saving  of  11.3#  in  total  hinge  weight  over  UTTAS  and  24.5#  saving 
ever  a conventional  steel  hinge.  Weight  penalties  for  the  artic- 
ulating hub  fairing  for  drag  reduction  based  on  the  S-67  Blackhavk, 
and  for  manual  blade  fold  at  4.3#  of  blade  weight,  based  on  UTTAS, 
are  added. 
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b)  TRAC  Compound  - 


(1)  Blades 

Parametric  equations  derived  from  analysis  of  blade  loading 
are  used  to  estimate  the  component  weights  of  a TRAC  blade, 
accounted  in  the  following  groups: 

• Outer  blade  assembly,  including  spar,  pocket,  bearing 
blocks  attached  to  spar,  and  miscellaneous  items  such 
as  paint , tips , and  balance  weights . 

• Torque  tube  assembly,  including  outer  torque  tube,  nut 
reaction  tube,  cuff,  and  bearing  blocks. 

• Tension-torsion  straps,  including  tip  block  and  hard- 
ware. 

• Jackscrew  assembly,  including  jackscrew,  redundant 
strap,  jackscrew  spindle,  jackscrew  tip  bearing,  and 
BIM. 

• Retraction  nut  assembly. 

The  56-foot  TRAC  rotor  developed  in  the  preliminary  design 
section  of  this  report  is  used  as  a base  for  determining 
coefficients  to  the  blade  equations  after  modifications  are 
made  to  reflect  technology  improvements  by  1980  IOC.  The 
preliminary  design  weights  and  assumed  percentage  savings  for 
1980  are  summarized  in  Table  6. 

(i)  Outer  blade  assembly  - The  outer  (lifting)  section  of  the 
blade  is  retained  by  internal  tension  straps , and  so  is  in 
compression  under  its  own  centrifugal  force  field.  The 
parametric  weight  equation  for  the  outer  blade  assembly  is: 


kj  - 0.M7  = correlation  constant  for  spar  weight 

k^  = 3.755  = correlation  constant  for  pocket  weight 

Xj  = blade  root  cutout  radius  ratio  (extended  blade)  = 0.5 
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x = 1 - Xj  = (length  of  outer  blade)/R  = 0.5 

MS  = conservatism  factor,  0.891 

t/c  = airfoil  thickness  to  chord  ratio 

R = blade  radius,  ft  (extended  blade) 

c = outer  blade  chord,  ft 

AR  = blade  aspect  ratio,  R/c 

OR  = normal  tip  speed,  fps 

y = design  advance  ratio 

Clm  = mean  lift  coefficient  = 2' 

C<p  = rotor  thrust  coefficient 

a = rotor  solidity  ratio 

As  for  conventional  compound  rotors , the  design  structural 
advance  ratio  is  defined  at  150  knots,  representative  of  the 
condition  for  maximum  rotor  structural  loading.  The  first 
term  in  the  equation  accounts  for  the  weight  of  a graphite/ 
honeycomb  sandwich  spar  of  high  modulus  and  of  constant  wall 
thickness . A trade-off  analysis  shows  that  this  spar  is 
11.9?  lighter  than  an  equivalent  solid  graphite/epoxy  spar 
such  as  was  used  in  the  preliminary  design.  The  second  term 
in  the  equation  accounts  for  the  weight  of  a structural 
pocket,  bearing  blocks  and  miscellaneous  items.  It  should 
be  noted  that  composites  are  used  to  advantage  here  in 
reducing  weight  because  blade  coning  is  not  a critical  design 
consideration,  as  for  conventional  articulated  blades  for 
which  maximum  coning  angle  sometimes  dictates  minimum  blade 
weights . 

(ii)  Torque  tube  assembly  - The  aluminum  torque  tube  is  a stream- 
lined ellipse  in  cross  section,  enclosing  the  jackscrew.  It 
transmits  blade  pitch  control  motion  to  the  outboard  blade 
and  carries  bending  moments  across  the  sliding  joint.  The 
inner  steel  torque  tube  reacts  nut  torque  during  retractions 
and  provides  a degree  of  structural  redundancy.  Aluminum 
and  steel  were  selected  for  torque  tube  materials  rather  than 
titanium  because  of  fabrication  complexities  associated  with 
titanium.  The  parametric  equation  for  estimating  the  weight 
of  the  torque  tube  assembly  is: 
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k^  = correlation  constant  = 1.897 

x2  = radius  ratio,  radius  of  tip  of  outer  torque  tube  to 
extended  blade  radius 

x = radius  ratio,  blade  cuff  radius  to  extended  blade  radius 
0 

bT  = semi-minor  axis  of  torque  tube  section  = O.S^Ct/c)  c,  ft 

MS,  C1m  OR,  R,  c,  p,  AR,  and  t/c  are  blade  parameters  as  defined 
’ for  the  outer  blade  assembly. 

Np  weight  saving  over  preliminary  design  estimates  is  assumed 
for  the  torque  tube  assembly  for  I960  IOC.  Torque  tube  design 
is  not  strongly  dependent  on  outer  blade  weight  because  it 
carries  only  its  own  centrifugal  loads. 

(iii)Tension-torsion  straps  - The  tension-torsion  straps  carry 

the  centrifugal  loads  of  the  outboard  blade.  For  sizing  and 
weight  estimation,  a 25#  rotor  overspeed  condition  is  used 
with  a factor  of  safety  of  1.5,  with  two  straps  failed.  The 
straps  (12  per  blade)  are  fabricated  from  high  strength,  steel 
alloy  (Vascomax  300)  with  an  ultimate  tensile  stress  allowable 
of  280,000  psi.  The  parametric  weight  equation  is  given  by 


W 


s 


(D-3) 


Where : W 

s 


unit  weight  (per  blade)  of  tension-torsion  straps,  lb 


k = correlation  constant  = O.OO569 
s 


= unit  weight  of  outer  blade,  lb 
OR  = normal  tip  speed,  fps 
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blade  root  cutout  radius  ratio 


0.5 


W 


JS 


The  diameter  of  each  strap  is  tapered  along  its  length  to 
keep  the  centrifugal  working  stress  constant  spanwise. 

Weight  includes  root  and  tip  reinforcements  for  attachment 
to  nut  and  tip  block,  respectively. 

(iv)  Jackscrew  assembly  - The  jacks crew  and  redundant  strap  carry 
the  entire  centrifugal  force  of  the  outer  blade.  The  strap 
provides  structural  redundancy  for  fail-safety  and  is 
designed  to  carry  the  entire  centrifugal  lead  in  case  of 
failure  in  the  jackscrew.  High-strength  steel  (Vascomax  300) 
is  used.  The  weight  trending  equation  is  given  by 

k»  W [fo]2  (<-*.,  (1  + v 


1 - .001(52  (x;2  _ x2) 

2 0 


Where: 


WJS 


JS 


s 

OR 


x 

X 

X 


2 

0 


1 


unit  weight  of  jackscrew  assy.,  lb 
correlation  constant  = 0.0171 
unit  weight  of  outer  blade,  lb 
unit  weight  of  tension-torsion  straps 
normal  tip  speed,  fps 

radius  ratio,  jackscrew  tip  radius  to  extended  blade 
radius  = 0 . 5^3 

blade  attachment  face  radius  ratio  = 0.061*3 
blade  root  cutout  radius  = 0.5 


The  jackscrew  assembly  is  also  designed  for  an  overspeed 
condition  at  125#  rpm  and  a factor  of  safety  of  1.5.  Weight 
includes  1.0  lb  (per  blade)  for  a BIM  system. 


(v)  Retraction  nut  assembly  - The  jackscrew/nut  combination  uses 
multiple  nuts  (6  per  blade)  with  individual  straps  (2  per 
nut)  connectec  to  the  tip  block  of  the  outer  blade.  Titanium 
with  a carbon  insert  and  beryllium  copper  base  is  used.  The 
parametric  weight  equation  is  based  on  the  allowable  bearing 
stress  between  the  surfaces  of  the  jackscrew  and  nut  threads. 
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Where: 


Where: 


W = 
n 


k = 
n 


WJS 


R = 


x' 

2 


X 

0 


w 


n 


kn  P WJS  . 
R (x'  - xQ) 


unit  weight  of  nut  package,  lb 

correlation  constant  - 1*9 *32 

pitch  of  threads , ft 

unit  weight  of  jackscrew  assy.,  lb 

rotor  radius  (extended) , ft 
radius  ratio  = 0.5^3 

radius  ratio  = 0.061+3 


(D-5) 


(2)  Diameter  change  mechanism  - 

The  drive  mechanism  is  a differential  gear  unit  located  with- 
in the  main  rotor  shaft  and  hub.  It  actuates  the  power  screw, 

which,  in  turn,  retracts  or  extends  the  nuts  and  strans,  irrroar- 
ting  retraction  or  extension  motion  to  the  outer  blade.  A 
weight  summary  of  the  drive  mechanism  is  shown  in  Table  6. 

The  weights  are  taken  to  be  a function  of  design  torque.  The 
coefficient  is  determined  by  indexing  to  the  1980  IOC 
weight  estimate  (Table  6),  and  the  exponent  is  taken  from 
historical  data  on  drive  systems. 

•"  ■ “■-for 


WDM  = °£  drive  mechanism,  lb 

H3?d  = design  horsepower 

RPMj  = output  rpm  of  jackscrew  = 1.5  main  rotor  rpm 


The  design  horsepower  of  the  drive  mechanism  for  blade 
retraction  is  that  required  to  overcome  the  average  centri- 
fugal forc'e  of  the  outer  blade,  straps, and  nuts  at  full 
rotor  rpm  for  a specified  retraction  time  (30  seconds).  It 
is  given  by: 
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% = lx,  - xo'!  [io] 


(W.  + W ) d + x')  + W lx , + x') 

b s O'  n 1 o 


(D-7) 


Where:  HP^  = design  horsepower 

k^  = correlation  constant  = 3.644 

x.  = blade  root  cutout  radius  ratio  = 0.50 


x 

o 


radius  ratio,  cuff  outboard  end  radius  to  extended  blade 
radius  = 0.090 


(OR)  =■’  retraction  tip  speed,  fps 
r 

t = retraction  time,  sec. 

ej  = jackserew  dynamic  efficiency 

Wfc  = unit  weight  of  outer  blade,  lb 

Wg  = unit  weight  (psr  blade)  of  tension-torsion  straps,  lb 

= unit  weight  (per  blade)  of  retraction  nut  package,  lb 

Weight  is  saved  in  the  diameter-change  mechanism  if  the  main 
rotor  is  slowed  before  blade  retraction  to  perhaps  80$  rpra. 
Advantage  of  this  is  taken  for  both  the  slowed  TRAC  rotor 
compound  and  the  stowed  TRAC  aircraft.  Weight  of  diameter- 
change  mechanism  for  stowed  TRAC  rotor  includes  corrections 
for  increased  length  in  the  retraction,  extension  and 
locking  shafts . 

(3)  Hub  and  hinges  - 


Weight  trending  equations  based  on  UTTAS  design  points  are 
used  to  predict  hub  and  hinge  weights  for  a TRAC  rotor  head, 
with  coefficients  modified  to  reflect  the  TRAC  configuration 
and  1980  IOC  technology.  The  TRAC  rotor  hub  preliminary 
design  consists  of  upper  and  lower  titanium  plates  which 
enclose  the  differential  gear  unit  and  universal  joint.  A 
weight  saving  of  4.2$  over  the  preliminary  design  value  is 
taken  for  1980  IOC  in  consequence  to  the  8.5$  blade  weight 
saving.  The  weight  trending  equation  is  given  by: 


(D-8) 
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inhere : W.  , 

hub 

— 

weight  of  hub,  lb 

b 

= 

number  of  blades 

R 

= 

rotor  radius , ft 

fiR 

= 

normal  tip  speed,  fps 

e 

= 

flapping  hinge  offset,  ft 

UbT 

= 

unit  blade  weight,  lb 

a 

Wb  + WT  + WS  + WJS  + Wn 

Where : 


Where: 


■The  trending  equation  for  the  unit  hinge  weight  is : 


W, 


hi 


Whi 


L 

R 

OR 


W, 


bT 


unit  hinge  weight,  lb 


hinge  length,  ft 
rotor  radius,  ft 
normal  tip  speed,  fps 
unit  blade  weight,  lb 


(D-9) 


= wb  + vt  + ws  + wJS  + wn 

For  drag  reduction,  a weight  penalty  for  an  articulating 
hub  fairing  trended  from  the  S-67  Blackhawk  is  used  for  the 
reduced  and  full  rotor  rpm  TRAC  compounds.  For  the  stowed 
TRAC  rotor  aircraft,  weight  penalties  for  conventional  hub 
fairing  and  for  in-flight  power  blade  fold  are  added.  The 
latter  is  based  on  a preliminary  design  study  and  is  given 
by: 

WBF  = 0.247  ( D-10 ) 

LR 

Wgp  = weight  penalty  for  power  blade  fold,  lb 

Lp  = Retraction  ratio  = ^^d^otp^iamete r 
n retracted  rotor  diameter 
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Where: 


Where: 


W^  = unit  weight  of  TRAC  blade,  lb 
b = number  of  blades 

The  weight  penalty  for  power  blade  fold  is  less  for  TRAC 
than  for  conventional  rotors  partly  because  the  blade  area 
and  moment  arm  are  reduced  by  the  diameter  reduction  and 
partly  because  the  TRAC  blades  fold  fore  and  aft  about  the 
lag  hinge  and  do  not  require  separate  fold  hinges. 


FLIGHT  CONTROLS  GROUP 
a)  Pure  Helicopter 


WFC 


Pure  helicopter  flight  controls  weight  estimates  are 
obtained  for  redundant  mechanical  systems  from  the 
relation 


( D-ll ) 


Wp»Q  = flight  controls  weight , lb 


N2  = ultimate  load  factor 


SGW  = structural  design  gross  weight,  lb 


The  equation  includes  dual  cockpit  controls,  redundant 
controls  from  cockpit  to  power  operated  flight  controls, 
SAS  and  FAS,  and  power  boost.  The  use  of  composite  sta- 
tionary and  rotating  swashplates  with  fiberglass  bell- 
cranks  saves  7#  of  total  flight  controls  weight. 

b)  Compound 


WFC 


To  estimate  the  flight  controls  weight  for  the  compound, 
the  pure  helicopter  equation  is  used  as  above,  but  with 
an  effective  Nz  SGW  to  account  for  the  fact  that  the  rotor 
is  not  fully  loaded  at  cruise  speed.  This  is  based  on  the 
CH-53  blade  loading  at  a limit  load  factor  of  3.0.  The 
resulting  equation  is 


= 14.04 


WFW 


(D-12) 


Wj>q  = flight  controls  weight,  lb 


b = number  of  blades 


R = rotor  radius,  ft 

c = blade  chord,  ft 
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DR  = normal  tip  speed,  fps 


Wpy  = delta  weignt  for  fixed-wing  controls,  lb 


WFC 


Fixed-wing  controls  for  rudder,  elevator,  and  flaperon  are 
scaled  from  the  Fairchild  A-10.  A new  coefficient  is  then 
determined  for  the  combined  helicopter  and  fixed-wing  con- 
trols. The  resulting  equation  is 


= 18.38 


(D-13) 


This  equation  yields  a flight  controls  weight  which  is  approxi- 
mately 31#  heavier  than  that  of  a pure  helicopter. 


c)  Stowed  TRAC 


For  the  stowed  TRAC  rotor  aircraft,  an  additional  weight 
increment  of  lb  is  added  to  account  for  increased  size 
of  stationary  and  rotating  scissors  and  additional  servo 
supports . 

3.  DRIVE  SYSTEM 

Drive  system  weight  is  broken  down  into  contributions  from 
individual  gearboxes  and  shafts,  each  weight  being  calculated 
to  take  proper  account  of  shaft  rpm  and  transmitted  horse- 
power, following  established  trends.  Separate  equations  are 
used  for  main  gearbox,  intermediate  gearbox,  tail  gearbox,  main 
rotor  shaft  and  tail  rotor  shaft.  Weight  trending  varies  among 
the  concepts  studies  according  to  each  specific  drive  system 
configuration.  For  example,  the  full  rpm  conventional  rotor 
compound  is  unique  in  the  family  of  compounds  studied,  in  that 
it  has  a single  propeller  for  auxiliary  propulsion,  driven  from 
a gearbox  common  to  the  tail  rotor,  as  in  the  AH-56.  For  the 
slowed  rotor  compounds,  a two-speed  main  gearbox,  scaled  from 
corresponding  gearboxes  designed  for  the  Sikorsky  S-65-200 
commercial  compound  project,  was  employed  on  the  reduced  rpm 
compounds.  Drive  system  weights  for  reduced  rpm  compounds  also 
include  corrections  for  wing-mounted  take-off  gearboxes  and 
wing  cross-shafting.  Rotor  brakes,  incorporated  in  all  conven- 
tional rotor  but  not  the  TR£C  rotor  designs  (because  the  diam- 
eter -change  clutches  can  also  serve  the  rotor  brake  function), 
are  estimated  from 


where  is  the  weight  of  a single  rotor  blade,  b is  the  number 
of  blades,  and  DR  is  the  normal  tip  speed. 
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4.  POWERFLMT 


All  rubberized  engines  in  this  study  were  scaled  from  the 
Lycoming  PLT-27  advanced  technology  turboshaft  engine.  Assum- 
ing engines  for  all  designs  to  include  air  particle  separators 
and  lube  system,  the  engine  weight  trend  can  be  written 


wENG  = 367 .4  ESF  (D-15) 

per  engine,  where  ESF  = engine  scale  factor.  The  exponent  is 
based  on  current  technology  engine  weight  versus  shaft  horse- 
power trends,  and  presumes  that  each  rubberized  engine  devel- 
oped in  this  study  is  of  PLT-27  technoD.ogy  level,  but  is  not 
necessarily  of  the  PLT-27  family.  Engine  manufacturer^  pro- 
jected growth-engine  weight  relations  do  assume  a descent  from 
a physical  engine,  and  thus  contain  exponents  often  signifi- 
cantly higher  than  that  assumed  here. 

For  real  engine  analysis,  all  engine  weights  data  employed  was 
provided  to  Sikorsky  by  the  appropriate  engine  manufacturer, 
adjusted  to  include  the  weight  of  an  inlet  particle  separator 
and  integral  lubrication  if  not  included  in  the  basic  engine 
weight . 


5.  WING  GROUP 


The  North  American  trending  equation  was  used  for  wing  weight 
estimation,  given  by 


WW 


Where: 


WW 

K 

sw 

AR 

b 


t/c 


A.  25 


X 


K sw  0,725  AR  °’l|3B(r  Nz  SGW)  C,516(lOx)  °*127  (D_l6) 

(100  t)  0,186  (100  cos  A. 25)  0,686 
c 

wing  weight,  lb 

correlation  and  technology  factor  = 0,e86 
theoretical  planform  area,  ft^ 
aspect  ratio  = b^/Sy. 
wing  span,  ft 

root  thickness  to  chord  ratio 
sweep  at  25$  chord,  degrees 
taper  ratio  = c^/cr 
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chord  at  tip,  ft 


cr  = chord  at  root,  ft 

Nz  = ultimate  load  factor 

SGW  = structural  design  gross  weight,  lb 


= wing  lift  ratio 


= 

Nz  SGW 


= ultimate  wing  lift,  lb 

For  a compound  helicopter,  lift  is  shared  between  the  main 
rotor  and  wing.  The  wing  lift  ratio  represents  a modifica- 
tion to  the  fixed-wing  equation.  The  equation  coefficient 
is  determined  by  indexing  to  the  current  weight  of  the 
RSRA  wing.  A weight  saving  of  9 % is  estimated  for  tech- 
nology improvement  by  1980  IOC,  with  the  use  of  composite 
spars  and  Kevlar  fairings. 


6.  BODY  GROUP 

Body  group  weights  for  all  configurations  are  estimated  from 
standard  Sikorsky  body  group  trends,  normalized  to  YUH-60A  UTTAS. 
A weight  saving  of  is  estimated  for  technology  improvement 
by  1980  IOC  with  limited  usage  of  composites  in  heavily  loaded 
areas  (such  as  primary  structure  in  the  transmission  bay)  and 
with  the  use  of  Kevlar  fairings  and  titanium  fittings.  For  the 
stowed  TRAC  rotor  aircraft,  weight  increments  are  added  for  the 
following  features: 

a)  Rotor  stowage  compartment  doors , trended  from 
WDR  = 6.0  Rc  (D-l 

Where:  R = rotor  radius,  extended,  ft 


c = outer  blade  chord,  ft 
WDR  = weight  of  doors,  lb 

b)  Enclosure  for  main  rotor  shaft. 

c)  Supports  for  stowed  blades. 

d)  Removal  of  main  rotor  pylon  from  equation  weight,  estimated 
at  1.0  pound  per  square  foct  of  wetted  area. 
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7-  FIXED  EQUIPMENT  WEIGHTS 


The  following  equipment  weights  are  adopted  from  UTTAS  with 
minor  modifications  for  compound  configurations  according 
to  the  general  specifications  of  Appendix  B. 


ITEM 


[APU 

Instruments 
Hydraulics' 

(Electrical 
(Avionics 
[Furnishings 
Air  Cond.  & Anti-Ice 
Aux.  Gear 
Vibration  Suppress . ( ^ ) 
Contingency 


CONFIGURATION 


\ 0 6 3 

ffotes  (l)  Based  on  weight  trend  Wjj  = 

(2)  For  cruise  flight  below  10,000  feet  use  392  lb 

(3)  Air  conditioning  (53  lb)  plus  anti-icing 
determined  from  WAI  = 1.25b  + 33,  where 
b = de-iced  wing  span 

(4)  Discussed  in  Appendix  C. 

(5)  Based  cn  1%  of  weight  empty 


Pure 

Helo. 

Full 

RPM 

Convent . 
Como. 

Slowed 

RPM 

Convent . 
Comn. 

Slowed 

RPM 

TRAC 

Comn. 

Stowed 

TRAC 

193 

193 

193 

193 

193 

193 

183 

183 

183 

193 

193 

193 

306 

310 

434 

310 

434 

310 

325 

325  . 

325 

325 

325 

325 

392 

424(2) 

424 

424 

424 

424 

86 

(3) 

(3) 

(3) 

(3) 

(3) 

59 

59 

59 

59 

59 

59 

0 

(5) 

(5) 

(5) 

(5) 

(5) 
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a 


b 

b CQd 

<j 

cf 

cl 

cQd 

Cip 

CF 

c 

c 


E 

EAF 

e 

f 

G 

GW 

HP 

*B 

Ixx 

3Cyy 

*i 

IRP 


LIST  OF  SYMBOLS 

airfoil  lift  curve  slope,  per  radian 
number  of  blades 
blade  stall  parameter 

coefficient  of  friction 

wing  lift  coefficient,  wln9 . *lf  * 

'/zPV  S 

drag  torque  coefficient  for  one  blade, 
drag  torqueAr  R 2 p[  £lR  )2  R 

Rotor  thrust  coefficient,  2 

centrifugal  force 
rotor  blade  chord 
mean  chord,  J*q  cr2dr 

/ o r2dr 

Young's  modulus  of  elasticity 

equivalent  airspeed 

flapping  hinge  offset 

parasite  area,  parasite  drag/1/2 pV2 

shear  modulus 

gross  weight 

horsepower 

torsional  mass  moment  of  inertia  per  unit  length 

flapwise  area  moment  of  inertia 

edgewise  area  moment  of  inertia 

blade  mass  moment  of  inertia  about  flapping  hinge 

Intermediate  Rated  Power 
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J 

L 

l/d 

MCP 

Mxx 

m1.0,90 

P 

PP 

PL 

Q 

R 


r 

s 

SL 

V 

VBL 

VCR 

w 

WE 

w 

P 

r 

€ 

V p 
0.75 


U£Li?F  -SYMBOLS,  (continued) 

torsional  area  moment  of  inertia 

rotor  lift 

lift-drag  ratio 

Maximum  Continuous  Power 

flapwise  bending  moment 

advancing  blade  tip  Mach  number 

power 

rotor  propulsive  force 
payload 

jackscrew  torque 

rotor  radius  (extended  radius  for  TRAC  blade) 

distance  from  center  of  rotation  to  spanwise  station 

wing  area 

sea  level 

forward  speed 

Block  speed 

design  cruise  speed 

weight 

empty  weight 

weight  per  unit  length 

blade  flapping  angle 
pc  a R4 

Lock  number, 

wing  span  efficiency  factor 
propulsive  efficiency 
collective  pitch  at  75%  radius 


LIST  OF  SYMBOLS  (continued) 

blade  twist 

rotor  inflow  ratio 

advance  ratio,  V/ftR 

air  density 
be 

solidity, 

rotor  angular  velocity 
natural  frequency 


